Keywords: stuttering review PET fMRI diffusion MRI DTI MEG EEG TMS VBM morphology tractography a b s t r a c t Purpose: Stuttering is a disorder that affects millions of people all over the world. Over the past two decades, there has been a great deal of interest in investigating the neural basis of the disorder. This systematic literature review is intended to provide a comprehensive summary of the neuroimaging literature on developmental stuttering. It is a resource for researchers to quickly and easily identify relevant studies for their areas of interest and enable them to determine the most appropriate methodology to utilize in their work. The review also highlights gaps in the literature in terms of methodology and areas of research. Methods: We conducted a systematic literature review on neuroimaging studies on developmental stuttering according to the PRISMA guidelines. We searched for articles in the pubmed database containing "stuttering" OR "stammering" AND either "MRI", "PET", "EEG", "MEG", "TMS"or "brain" that were published between 1995/ 01/ 01 and 2016/ 01/ 01. Results: The search returned a total of 359 items with an additional 26 identified from a manual search. Of these, there were a total of 111 full text articles that met criteria for inclusion in the systematic literature review. We also discuss neuroimaging studies on developmental stuttering published throughout 2016. The discussion of the results is organized first by methodology and second by population (i.e., adults or children) and includes tables that contain all items returned by the search. Conclusions: There are widespread abnormalities in the structural architecture and functional organization of the brains of adults and children who stutter. These are evident not only in speech tasks, but also non-speech tasks. Future research should make greater use of functional neuroimaging and noninvasive brain stimulation, and employ structural methodologies that have greater sensitivity. Newly planned studies should also investigate sex differences, focus on augmenting treatment, examine moments of dysfluency and longitudinally or cross-sectionally investigate developmental trajectories in stuttering.
Introduction
Developmental stuttering is characterized by involuntary prolongations, repetitions and pauses that disrupt the flow of speech. Stuttering affects 1% of the general population (Craig, Hancock, Tran, Craig, & Peters, 2002) and about twice as many boys as it does girls (Howell, 2007) . While negative effects of stuttering are not generally observed in the first year following onset, those who continue to stutter into adulthood can experience marked disruptions to their quality of life (Boyle, 2015; Gunn et al., 2014; Iverach et al., 2009 Iverach et al., , 2010 and mental health (Iverach et al., 2009) . Because many people who stutter (PWS) speak fluently the majority of the time, stuttering is thought to be a disorder of the structure and/ or function of the brain that transiently disrupts speech production.
Accordingly, over the last 20 years there has been a vast increase in the number of published studies documenting structural and functional differences in the brains of those who stutter compared to their fluent peers. Most of this research has been conducted on adults who stutter (AWS). Despite relatively widespread acknowledgment of the need to study children who stutter (CWS e.g., Busanet al., 2013; Cai et al., 2014; Chang, Erickson, Ambrose, Hasegawa-Johnson, & Ludlow, 2008; Choo et al., 2011; Cieslak, Ingham, Ingham, & Grafton, 2015; Connally, Ward, Howell, & Watkins, 2014; Cykowski, Fox, Ingham, Ingham, & Robin, 2010) there have been very few neuroimaging studies in this population (see Chang, 2014 for a review) . This is likely attributable to the practical difficulties and special considerations that must be taken into account when testing young children. Children need to remain still for extended periods of time, maintain attention for the duration of a task and manage potential anxiety about the scanning environment. In brief, these issues can be remedied by shortening the duration of tasks, involving tasks that do not require overt responses, familiarizing the child with the scanner through practice and mock sessions, and making the experience child friendly through the use of rewards and playful themes (e.g., likening the scanner to a spaceship). Despite obvious difficulties, studying children who stutter (CWS) is important because the brains of CWS have had far less time to change in response to stuttering; observation of differences in brain activity in CWS is, therefore, more likely to reflect causal mechanisms of the disorder.
The aim of this review is to provide a comprehensive account of the past 20 years of neuroimaging research on developmental stuttering. It is intended that it will be used as a resource for anyone seeking to conduct any form of neuroimaging study on developmental stuttering: it will provide a summary of the research across broad topics and methodologies. We do not intend to provide a coherent account of developmental stuttering or point to the probable etiology of the disorder. We briefly mention consistent findings and some of the theories they support, as well as inconsistencies between reports to date and approaches that might be employed in future in an effort to minimize discrepancies that arise due to methodological issues. One of our goals is to highlight the advantages and disadvantages of various methodologies, helping researchers identify the techniques most suitable for their research question. These are briefly summarized here and elaborated on within each of the respective sections below. Techniques like positron emission tomography (PET), functional magnetic resonance imaging (fMRI) and near infrared spectroscopy (NIRS) rely on differences in the flow or magnetization of blood and are indirect measures of neural activity. They have good spatial resolution (fMRI having the highest resolution of the three), being able to determine precisely which cortical (PET, fMRI, and NIRS) and subcortical (PET and fMRI) regions of the brain are active during a particular task. They do, however, have poor temporal resolution due to the time it takes for blood to flow to a given region of the brain. In contrast, techniques like magnetoencephalography and electroencephalography (MEG and EEG) are direct measures of neural activity with high temporal resolution. EEG measures the electrical discharge of the firing of tens of thousands of neurons, at the scalp, while MEG relies on the magnetic field generated perpendicular to this electric field, slightly above the scalp. Because magnetic signals are less affected by differences in scalp conductivities, it is easier to determine the source of the neural activity in MEG than EEG. Techniques like transcranial magnetic stimulation (TMS) are used for a variety of purposes: two of the most common are probing cortical excitability of motor areas at specific pointsin time, or creating transient and reversible "virtual lesions". More pragmatically, the purchase and operating costs of PET, fMRI and MEG are considerably greater than NIRS, EEG and TMS.
The review is organized according to experimental methodology and, where appropriate, by the type of experimental task employed. It includes studies on AWS (18 years and older) and CWS (less than 18 years), as well as studies whose experimental sample included participants from both groups. This is based on the legal definition of adults and children in Australia, and on the terminology used by the individual studies. Special attention will be given to experimental paradigms that were used in both AWS and CWS that thus permit a direct comparison between age groups. Some studies also investigate children who initially stuttered but later recovered (recovered children), and one study includes cases of adult-onset recovery from stuttering (Kell et al., 2009 ).
Methods

Protocol
This systematic literature review followed the PRISMA guidelines (www.prisma-statement.org) and included any study that used neuroimaging to investigate developmental stuttering, reported more than one participant, and was published between 1995/ 01/ 01(YYYY/ MM/ DD) and 2015/ 12/ 31. The rationale for using this range of time was to include all studies over the past two decades.
Information sources
Articles were identified using the pubmed database located at the following url: http://www.ncbi.nlm.nih.gov/pubmed. Since no single database is likely to contain every relevant publication, we also cross-checked the results with a manual search of google scholar (http://scholar.google.com.au/ ) and via bibliographies. The last search was conducted on 01/ 01/ 2016.
Search parameters
We identified relevant studies in the pubmed database by searching for any items that contained the words "stuttering" OR "stammering" in either the title or the main body of the article AND terms referring to neuroimaging methodologies. These neuroimaging methodologies were "positron emission tomography" OR "PET", "magnetic resonance imaging" OR "MRI", "electroencephalography" OR "EEG", "magnetoencephalography" OR "MEG" and "transcranial magnetic stimulation" OR "TMS" in any part of the article. In an attempt to pick up articles that did not use these methodologies, we also included the more general search word "brain". This search returned a total of 359 items without any additional filters. When filtering the results to include "full text articles" (i.e., excluding abstracts or conference proceedings) the search returned a total of 305 items. We then used the filter on the pubmed database to identify article types that were not appropriate for inclusion in the systematic review. Of these 305 full text articles, 163 were excluded after filtering out reviews or meta analyses (n = 38), case studies or clinical trials (n = 68), items containing "acquired" in either the title or the abstract (n = 7), or non-human studies (n = 50). The remaining 142 items were then assessed for eligibility for inclusion in the systematic literature review, as per the criteria in 2.4. Please note that, upon further inspection, no reviews or meta-analyses identified in the search reported using a systematic search method such as that recommended in the PRISMA statement.
Study selection
The full texts of the 142 articles were examined and excluded if they (1) did not collect neuroimaging or neurophysiological data,(2) focused on acquired rather than developmental stuttering (3) were review or hypothesis papers or (4) were not available in English. Based on these criteria, another 57 papers were excluded leaving a total of 85 papers. A further 26 articles were then identified through a manual search of bibliographies in these 85 articles and google scholar. All 26 met the eligibility criteria and were included in the full review. The flowchart in Fig. 1 depicts the identification and selection of articles for this review.
Results and discussion
There were a total of 111 studies included in the systematic review. Important details of the neuroimaging studies including the methodology, number of participants, experimental task and main findings are summarized in Tables 1-7 which can be found in the appendix. They are organized first by methodology and then by age of participants, with studies including AWS (18 years and up) and CWS (younger than 18) appearing in separate tables. Studies that included both CWS and AWS (mixed-age group, denoted people who stutter, or PWS) are listed after the CWS studies, in the same table studies whose experimental paradigm was used to study a sample of AWS and a separate sample of CWS (often in separate papers) are marked with asterisk (*). Studies that used multiple neuroimaging methodologies on the same sample of subjects are marked with a cross ( + ), and are listed in all relevant tables. The characteristics of the experimental and control groups of each study are given in the Sample column; mean age or age range in years is listed in brackets after each group. An up-to-date version of the tables, which includes future neuroimaging studies of developmental stuttering, is maintained by the authors online (http://www.neurostuttering.org).
For ease of reading of the results and discussion, we have separated the studies into ten categories based on method of imaging and analysis: (1) positron emission tomography (PET), (2) functional magnetic resonance imaging (fMRI) and functional near infrared spectroscopy (fNIRS), (3) electroencephalography (EEG), (4) magnetoencephalography (MEG), (5) transcranial magnetic stimulation (TMS), (6) gray matter voxel based morphometry (VBM) on structural MRI (sMRI), (7) gray matter morphology on structural MRI, (8) white matter voxel based morphometry on structural MRI, (9) white matter voxel wise analysis on diffusion MRI (dMRI) and (10) white matter tractography on diffusion MRI. Every category has its own section, and studies that used multiple methodologies are detailed in all relevant sections. At the beginning of each section, we outline the advantages and disadvantages of the methodology and list all relevant studies.
Please note that we have also included reference to studies published between 2016/ 01/ 01 and 2016/ 31/ 12 (using the same search parameters as the systematic review) to provide a more comprehensive and up to date summary of the literature. These studies are not listed in the tables, though.
Positron emission tomography
PET is a neuroimaging method used to measure metabolic processes in the brain. It has an unrivaled capacity to track the pharmacodynamics of the human brain in vivo using radio labeled biomarkers (Gambhir, 2002; Judenhofer et al., 2008) . PET is particularly useful for measuring uptake and reuptake of neurotransmitters such as dopamine and serotonin. There have been a total of14 PET studies of stuttering, all of which have focused on AWS (Braun et al., 1997; De Nil, Kroll, Kapur, & Houle, 2000; De Nil, Kroll, & Houle, 2001; De Nil, Kroll, Lafaille, & Houle, 2004; Fox et al., 1996 Fox et al., , 2000 Ingham et al., 1996; Ingham et al., 2004; Ingham, Grafton, Bothe, & Ingham, 2012; Ingham, Wang, Ingham, Bothe, & Grafton, 2013; Stager, Jeffries, & Braun, 2004; Wu et al., 1995 Wu et al., , 1997 . They represent a range of conditions including resting state, activation during speech tasks or non speech tasks, and changes in activation resulting from behavioral intervention. The absence of studies on CWS is understandable, given that this methodology requires the injection of radioactive tracers.
3.1.1. AWS 3.1.1.1. Resting state. The first study to examine resting state activity was by Ingham et al. (1996) who measured differences in at-restcerebral blood flow (CBF) between AWS and adults who do not stutter (AWDS). There was weak evidence for group differences in laterality of blood flow between regions involved in speech motor control, based on the results of their statistical analysis. This result did not withstand correction for multiple comparisons. The authors concluded that stuttering is not associated with a 'lesion' or abnormal asymmetry. Braun et al. (1997) also measured CBF between AWS and AWDS during rest, as part of a baseline condition for speech tasks, and found no differences between groups. Later, in a more sophisticated study, Ingham et al. (2012) compared neural activity using PET during eyes-closed resting state, oral reading and monolog speech conditions. They reported significantly increased activation in the left putamen, left post central gyrus, and the left preSMA in AWS during eyes-closed rest, as compared tothe AWDS. A number of regions including left superior temporal gyrus, cuneus, and right post central gyrus were also more active during speech (i.e., oral reading and monologs). The observation of similar neural group differences during resting state and the performance of overt speaking tasks was intriguing because it implied that fundamental differences in neural activation between AWS and AWDS normally attributed to task-related activity may exist in the absence of speech.
Whereas most PET studies report on functional brain activations, one focused on the rate at which the body metabolizes neurotransmitters. In the only study of this kind, Wu et al. (1997) found that AWS have significantly higher uptake of dopamine in the caudate tail and auditory areas during an eyes open resting state than do AWDS. This result highlighted the importance of dopamine in the etiology of stuttering and was highly influential in driving future research, despite its very small sample size (n = 3).
3.1.1.2. Speech tasks. For some helpful meta-analyses that include results from PET and fMRI studies of speech tasks in stuttering, see Belyk, Kraft and Brown (2015) , Budde, Barron and Fox (2014) , and the earlier Brown, Ingham, Ingham, Laird and Fox (2005) . Early studies focusing on differences between fluent and dysfluent speech presented inconsistent findings. For example, Ingham et al. (1996) found no between group differences in regional CBF during rest, reading aloud to another person (solo), or reading intime with someone else (chorus). However, Wu et al. (1995) contradicted these findings despite also using solo and chorus reading tasks. During both conditions, AWS had approximately 50% less CBF in the left caudate than AWDS. In AWS, Broca's and Wernicke's areas, and the right cerebellum were under active during the solo condition, which was associated with more stuttering, but exhibited normal levels of CBF during the induced fluency chorus condition. In contrast, Fox et al. (1996) reported that solo reading was associated with overactivation of the SMA, insula and cerebellum relative to AWDS. These over activations were largely reduced bychorus reading. The fluency inducing condition (chorus reading) also increased activation in the left inferior frontal and superior temporal gyri in AW Fox et al. (2000) , using the same paradigm as their previous work , found that cerebral and cerebellar activations correlated with stuttering rate and syllable rate. They interpreted cerebellar dysfunction to be an essential feature of stuttering. Despite some contradictory findings, these studies suggested that CBF and activation patterns in cortical, subcortical, and cerebellar regions are dependent on whether an AWS is speaking fluently or not.
Some studies indicate that the left and right hemispheres play different roles in the production and attenuation of stuttered speech. Braun et al. (1997) observed that, whereas left-sided activations were positively associated with dysfluency scores (i.e., stuttered syllables), right-sided activations were negatively associated with dysfluency scores. Interestingly, these authors also reported that AWS showed greater activation in the left inferior frontal gyrus (IFG) and the supplementary motor area (SMA) during non-linguistic oral motor movements than AWDS.
The influence of sex on stuttering and brain activation patterns has also been considered. Using the same paradigm as Fox et al., Ingham et al. (2004) reported that activation in some brain regions was positively correlated with stuttering rate for both sexes (e.g., the SMA and primary motor cortex [M1]), whilst activation in other brain regions was negatively correlated with stuttering rate for men but not women (e.g., left basal ganglia, left occipital lobe, right midcingulate gyrus and right occipital lobe). This highlighted the importance of considering sex differences in stuttering studies, something that is often neglected.
Later work examined whether there were commonalities in brain activation under a broader range of fluency inducing conditions. Stager et al. (2004) found that both singing and metronome-timed speech increased activation in auditory regions relative toAWDS. The authors suggested some fluency inducing mechanisms may allow AWS to make more efficient use of auditory information (for a similar fMRI study, see Toyomura, Fujii, & Kuriki, 2011) .
De Nil et al. (2000) compared neural responses to reading single words aloud or silently with the aim of examining brain lateralization in AWS and AWDS. Whereas AWS showed increased activation of right hemisphere structures relative to AWDS when reading aloud, AWS showed decreased activation of right hemisphere structures when reading silently. The anterior cingulate cortex was overactive in the stuttering group during silent speech and was thought to reflect anticipatory reactions to stuttering (though see Ingham et al., 2004 ; who noted that this region was not activated during stuttering and was therefore not necessary for stuttering to occur).
3.1.1.3. Non-speech tasks. Because stuttering can be rare in the laboratory setting, Ingham et al. (2000) investigated whether imagined stuttering elicited the same patterns of neural activation as real stuttering. Real stuttering and imagined stuttering both resulted inactivation of the SMA, the bilateral insula and cerebellum and decreased activations in the right auditory cortex. Interestingly though, the right superior lateral premotor cortex was strongly active during overt stuttering, but only weakly active when stuttering was imagined, suggesting that it may play an important role in moments of stuttering.
3.1.1.4. Intervention. Consistent with Fox et al. (2000) and De Nil et al. (2001) highlighted the importance of the cerebellum in the control and timing of voluntary movements. Given that stuttering is often conceived as a disorder of temporal coordination, De Nil et al. examined how activation in the cerebellum responded to an intervention designed to reduce stuttering. They found differences in cerebellar activity in AWS prior to treatment and AWDS during overt and silent reading and during a verb generation task. The AWS were rescanned immediately after fluency enhancing treatment and again at a one-year follow-up. Over the course of the three scans, the AWS showed a decrease in cerebellar activity toward normal levels. The authors interpreted this as evidence that AWS have heightened levels of monitoring and decreased levels of automaticity during the execution of speech movements, but that this can be altered by speech therapy.
In a subsequent study, De Nil et al. (2004) showed that speech therapy shifts the altered right lateralization of activation in the inferior frontal and the precentral gyrus to the left homologue. Conversely, the focus of activation in the cerebellum shifted the other way, from left to the right after treatment. However, in contrast to previous work , De Nil et al. noted that increased activation in the left superior temporal gyrus is likely to reflect increasing awareness and control of articulatory movements. This is supported by the observation that activation in the STG of AWDS increases as speech is altered (also see Tourville et al., 2006) . Interestingly, it has been reported that a decreased level of activation in the left putamen during speech, non-speech movements and during rest, is a predictor of the likelihood of successful or unsuccessful recovery from stuttering . This result from Ingham et al. (2013) is consistent with the theory that global overactivation of the putamen leads to a lower signal-to-noise ratio (SNR) in that structure. The theory contends that this reduced SNR means that the basal ganglia thalamo-cortical loop fails in its selection of motor programs for execution, resulting in stuttering (Civier, Bullock, Max, & Guenther, 2013) . The idea that dysfunction of the basal ganglia may cause problems with speech production is in agreement with its involvement in slower, controlled speech and the fact that it is involved in the initiation and execution of speech (Price, 2010 (Price, , 2012 .
Functional MRI and near infrared spectroscopy
Historically, fMRI became available after PET. The shift from PET studies to fMRI was primarily driven by the fact that fMRI is non-invasive, does not involve exposure to ionizing radiation, and has better spatial resolution than PET. The hemodynamic response measured by fMRI typically peaks several seconds after a behavioral response. The operation of fMRI is considerably louder than PET and the sound emitted tends to be rhythmic. Both noise masking (Civier, Tasko, & Guenther, 2010) and rhythm (Toyomura, Fujii, & Kuriki, 2015) have fluency enhancing effects and may present unique challenges to the study of stuttering. Due to the non invasiveness nature of fMRI, some studies have used it to test CWS; however, the loud sound, together with fMRI's sensitivity to movement-related artifacts present challenges (see Loucks, Kraft, Choo, Sharma, & Ambrose, 2011) . Nevertheless, fMRI is arguably the most dominant neuroimaging methodology to have been used in the study of stuttering. Since the main strength of both fMRI and PET is a high degree of spatial resolution, the studies using these paradigms have largely utilized similar experimental tasks. This also includes resting-state, although in fMRI the analysis of such data is not straightforward. Because raw measurements acquired using standard fMRI protocols are not comparable across participants, one must rely on contrasting different conditions when comparing regional activations between participants. In a restingstate design there is only a single condition, and one must rely instead on functional connectivity analysis, which utilizes correlations or model-fitting across multiple regions of interest. Here, we focus first on fMRI studies in AWS, followed by studies in CWS.
There have been a total of 22 fMRI studies of AWS, some combined with adolescent CWS (Blomgren, Nagarajan, Lee, Li, & Alvord, 2004; Chang, Kenney, Loucks, & Ludlow, 2009; Chang, Horwitz, Ostuni, Reynolds, & Ludlow, 2011; De Nil et al., 2008; Giraud et al., 2008; Jiang, Lu, Peng, Zhu, & Howell, 2012; Kell et al., 2009; Loucks et al., 2011; Lu et al., 2009; Neumann et al., 2004 Neumann et al., , 2005 Preibisch et al., 2003; Sakai, Masuda, Shimotomai, & Mori, 2009; Toyomura et al., 2011; Toyomura et al., 2015; Van Borsel, Achten, Santens, Lahorte, & Voet, 2003; Watkins, Smith, Davis, & Howell, 2008; Wymbs, Ingham, Ingham, Paolini, & Grafton, 2013; Xuan et al., 2012) , and only one published study using fNIRS with AWS (Tellis, Vitale, & Murgallis, 2015) . Liu et al.'s (2014) fMRI study and Sato et al.'s (2011) fNIRS study examined brain activity in a mixed-age group spanning from young CWS to AWS. Only one study has used fMRI in CWS alone (Chang & Zhu, 2013) .
Six other articles published since our search was completed (all in AWS) are also included in the discussion: Halag-Milo et al. (2016) , Kell et al. (this issue) , Lu et al., 2016 , Neef et al., 2016 Sitek et al., 2016 and Yang, Jia, Siok and Tan (2016) . One study has utilized fMRI to examine connectivity in CWS (Chang et al., 2016) . Finally, one unpublished thesis (Kazenski, 2015) used fNIRS to look at AWS and CWS, whilst another looked at AWS alone (Brown, 2015) .
AWS
fMRI was first used to investigate the neural substrates of stuttering around 2003 when PET was still the dominant methodology. Most of the early fMRI studies examined differences in localized activations, whereas later studies have included differences in functional connectivity between multiple regions of interest in the brain. Additionally, whilst the majority of studies have focused on speech production tasks, a small number have examined other contexts such as the resting state, speech perception, or changes induced by fluency enhancing treatments. All past meta-analyses of functional imaging in stuttering included both fMRI and PET studies (Belyk et al., 2015; Brown et al., 2005; Budde et al., 2014 ; also see Neef, Anwander, & Friederici, 2015; Neef, Hoang, Neef, Paulus, & Sommer, 2015 for a summary of these studies). There is as yet no meta-analysis of stuttering exclusively restricted to fMRI (or PET). This is unfortunate given the methodological differences between the techniques, which were discussed above.
3.2.1.1. Resting state. It has been proposed that any differences in regional brain activations between AWS and AWDS may be present both during speaking and in the absence of a task, that is in the resting state. Xuan et al. (2012) found that AWS had higher amplitude low frequency fluctuations (a measure of resting state brain activity) during rest than AWDS in several cortical regions associated with speech: left superior and middle temporal gyri and the triangular portion of left IFG. Moreover, AWS had reduced amplitude low frequency fluctuations in bilateral SMA. Largely consistent with Xuan et al., Yang et al. (2016) reported reduced connectivity between right SMA and basal ganglia as well as between bilateral superior temporal gyrus and basal ganglia (cf. Chang & Zhu, 2013; Lu et al., 2012) . These connectivity changes likely affect sensorimotor integration during speech production. Yang et al. also detected increased connectivity between the cerebellum and right IFG in AWS compared to AWDS, which was positively correlated with stuttering severity and perhaps indicates a compensation mechanism. Lu et al. (2016) reported resting state functional connectivity differed between the left IFG and Heschl's gyrus. As this was related to their performance on a speech perception task, the authors suggested that anomalous connectivity contributed to speech perception deficits in AWS. More recently, Desai et al. (2016) used pulse arterial spin labeling to acquire perfusion data in a group of AWS and CWS. They reported a reduced CBF in the left IFGof AWS as compared to AWDS that was correlated with more severe symptoms. Notably, because this was also evident in CWS, the authors proposed it to be associated with the pathophysiology of stuttering.
3.2.1.2. Speech production tasks. In 2003 Van Borsel et al. published the first fMRI study of AWS. This investigation used a variety of conditions including reading meaningful and nonsense words silently and aloud. Their analyses of AWS did not detect any activation of auditory cortices when contrasting silent reading and reading aloud. This was compared to AWDS, who exhibited similar levels of activation in both conditions. This finding has since been replicated (e.g., De Nil et al., 2008) . Further, whereas AWDS demonstrated a left dominance for activation in regions such as Wernike's area and middle temporal gyrus, AWS activated right hemisphere structures to the same extent as left. Blomgren et al. (2004) obtained similar findings when asking participants to "think" of a target word; although, the results were not significant when corrected for multiple comparisons. Van Borsel et al. therefore proposed that stuttering arises because of abnormal cerebral dominance.
The right inferior frontal gyrus (IFG) is a cortical structure often implicated in the etiology of stuttering (Brown et al., 2005 ; but see Budde et al., 2014) . This region was shown to be overactive in AWS as compared to AWDS in a variety of speech tasks (Lu et al., 2009; Neumann et al., 2005; Sakai et al., 2009 and see also Neef et al., 2016) , with some studies showing higher right IFG activity associated with lower rates of dysfluency (Braun et al., 1997; Kell et al., 2009; Preibisch et al., 2003) . This finding lead Preibisch and colleagues to propose that right IFG is involved in compensation for stuttering, possibly substituting for impaired networks in the left hemisphere. The precise nature of such compensation is unclear given that (a) the right IFG was also overactive in tasks that did not require overt or covert speech (Halag-Milo et al., 2016; Preibisch et al., 2003) , (b) it is not associated with symptom relief (Budde et al., 2014 ; also see Kell et al., 2009; Yang et al., 2016 for similar views), and (c) in some studies, higher right IFG activity is associated with higher, not lower, rates of fluency .
Theorizing that differences in brain activity may underlie alterations in motor behavior during stuttering, De Nil et al. (2008) attempted to examine the neural correlates of simulated (i.e., pretended) stuttering. They compared neural activity when participants were passively listening to words, when they were pretending to stutter the word, or when they fluently repeated words aloud. AWS exhibited stronger activation of bilateral IFG, bilateral superior temporal gyrus, left insula and left supramarginal gyrus when pretending to stutter than when simply repeating the stimulus word once. Notably however, when stuttering, AWS exhibited higher activation only in the right IFG. These findings were taken to suggest that the motor systems of AWS were more heavily taxed than those of AWDS, requiring the extra recruitment of the right IFG. They also show that increased activation of the superior temporal gyrus is not necessarily associated with an increase in fluency.
Inter-individual variation in neural activity associated with stuttering has also been a topic of interest. Wymbs et al. (2013) noted that, for some individuals, there was bilateral overactivation of the superior temporal gyrus, insula and/ or motor regions during stuttered speech, but little consistency in patterns of brain over-or under-activation during stuttered speech between participants. There was not a great deal of overlap in brain activation associated with stuttered speech across participants. The discrepancies between De Nil et al. (2008) who found differences at the group level and Wymbs et al. who found differences at an individual level, may lie in how stuttering was elicited. In the De Nil et al. study, participants pretended to stutter, whereas in the Wymbs et al. study words were selected on an individual basis depending on how likely they were to elicit stuttering. Furthermore, neither study subdivided stuttered speech into different types of dysfluencies and it is possible that this contributed to the individual differences observed. This idea receives some support from Jiang et al. (2012) who used pattern analysis of neural activity to classify dysfluencies in AWS during a sentence completion task as: (1) most typical (i.e., specific to stuttering speakers) or; (2) least typical (i.e., commonto both stuttering and fluent speakers). The left IFG and the bilateral precuneus showed higher brain activity for the most typical symptoms, whilst activity in the left putamen and right cerebellum showed the strongest relationship to the least typical symptoms. Since different patterns of brain activation are associated with planning vs. execution of speech , as well as different types of dysfluency, it might be the case that stuttering could result from failure in either the planning or execution stage of speech. More generally, this study points to the need to consider a wider range of behavioral variables to shed light on some apparent contradictory findings across studies.
Whereas early imaging work tended to focus on localizing differences between AWS and AWDS in the cerebral blood flow response, later studies have aimed to identify differences in functional connectivity between different brain regions. One of the first studies to employ connectivity analysis to the study of developmental stuttering was , with the rationale that differences in levels of neural activation during speech production may only be understood when considered alongside functionally connected regions. Results from an overt picture-naming task showed that there were significant differences between AWS and AWDS in the output of the basal ganglia to the SMA and to the middle temporal gyrus, but not vice versa. Based on this finding, suggested that these regions were unable to receive proper timing signals from the basal ganglia. In contrast, the SMA was largely intact and was able to send signals to the basal ganglia. An earlier study by the same group (Lu et al., 2009 ) performed connectivity analysis on a much larger network of regions involved in speech production, this time using a covert rather than an overt picture-naming task. The output of the left superior temporal gyrus to the left IFG was the same between AWS and AWDS groups, supporting the idea that processes for retrieving the phonological code for an intended utterance are intact in AWS. However, the AWS lacked a functional connection from the left IFG to the precentral gyrus; a connection that was present in AWDS. Connections between the superior frontal gyrus and the SMA and the precentral gyrus exhibited opposite patterns in AWS and AWDS, which was taken to reflect AWS having difficulties in the initiation and inhibition of speech. There were also stronger connections between the right cerebellum and the precentral gyrus in AWS than AWDS. Since the cerebellum has been implicated in error monitoring and timing of complex sequences of movement, Lu et al. (2009) suggested that AWS require more effort to monitor speech. This may occur either due to less automated programming, greater reliance on feedback (Cai et al., 2014) or high error-proneness in the speech programming system of AWS. Areas of the cerebellum are implicated in the temporal control of speech (Mathiak, Hertrich, Grodd, & Ackermann, 2002) and temporal processing more generally (see Petter et al., 2016, for a review) .
Since these studies point to deficits at potentially multiple levels of speech production, attempted to separate the neural activity associated with planning vs. execution of speech. The task required participants to either say a one-syllable word once (non-repeated), repeat a one-syllable word three times (repeat condition), or to say a three syllable word (three syllable). The contrast of repeat condition vs. the three syllable condition allowed an examination of the neural substrates associated with planning, and the contrast between the non-repeated and repeated conditions allowed an examination of the neural substrates associated with execution. Their analysis revealed atypical planning was associated with connectivity between the bilateral IFG and right putamen, and that the left angular gyrus and premotor areas, and the right insula and cerebellum, contributed most to atypical execution. These findings provide support for the dual premotor systems theory (Alm, 2007 ; see also Etchell, Johnson, & Sowman, 2014) .This theory posits motor control is made up of two systems − the lateral system comprised of the cerebellum and the premotor areaand the medial system comprised of the basal ganglia and the SMA. also drew particular attention to the angular gyrus as the interface between planning and execution because AWS showed stronger connections from the bilateral IFG and weaker connections from the premotor areas to the angular gyrus relative to AWDS. Evidence for the idea that the cerebellum can compensate for deficits in the basal ganglia circuity is provided by Sitek et al. (2016) who found that AWS with decreased connectivity between the cerebellum and frontal regions exhibited the most severe stuttering.
Although not focusing on connectivity, Chang et al. (2009) also separated perception, planning and execution of speech and non-speech movements (examining changes at activation level rather than connectivity). Consistent with previous work (e.g., Braun et al., 1997; Fox et al., 1996) , the authors found that perception of speech elicited reduced activations in motor and auditory areas of AWS, but that during production, AWS had greater activation of motor and auditory areas. Later work by the same group extended their previous study to examine functional connectivity. Chang et al. (2011) reported that compared to AWDS, AWS exhibited weaker functional connectivity between the left IFG and the premotor cortex and superior temporal gyrus (cf. Lu et al., 2009) . AWS also showed greater connectivity between left Brodmann Area 44 and the right postcentral gyrus, and left anterior cingulate, but there were no differences in connectivity between BA44 and auditory regions. Chang et al. observed similar deficits in connectivity during speech and non-speech tasks, again indicating that such deficits are likely related to the pathogenesis of stuttering.
One other study has documented abnormal connectivity in AWS relative to AWDS during control of rising and falling tones in Mandarin . It was found that AWDS exhibited significant functional connections between the left laryngeal motor cortex and the left insula. In contrast to this, AWS showed a connection from the left laryngeal motor cortex to the putamen, a region identified in the Belyk et al. (2015) meta-analysis as being commonly activated across several studies of speech in stuttering.
It is noteworthy that there are similar differences in the neural activity between AWS and AWDS during speech and nonspeech movements. Specifically, Chang et al. (2009) showed that AWS show less activation in the left superior temporal gyrus and premotorareas but greater activation in the right auditory areas, putamen and precentral gyrus for both speech and nonspeech oral movements, compared with AWDS. This highlights the possibility that while stuttering typically manifests in the domain of speech, it affects other oral movements as well. Similar hypotheses have been forwarded for other conditions such as apraxia which are traditionally considered to be specific to speech (e.g., Ballard, Robin, & Folkins, 2003) .
Other work has also examined activity in subdivisions of left and right frontal areas in AWS and AWDS to attain greater anatomical specificity with respect to the location of the deficits (Neef et al., 2016) . These authors found reduced activity in a cluster typically associated with speech production. Notably, Kell et al. (2009) highlight the importance of considering both structural and functional deficits. They assert that whereas the left IFG exhibits structural and functional deficits and is associated with the pathophysiological basis of stuttering other areas are likely a downstream effect.
3.2.1.3. Speech perception tasks. In addition to examining neural activation differences during speech production, a small number of fMRI studies have looked at differences in brain activity during speech perception. Chang et al. (2009) examined neural activity associated with both speech perception and production. They reported that during perception AWS had reduced activation in the SMA, insula and angular gyrus and less activation in superior temporal regions, but that during production the reverse held true. This finding is consistent with stuttering being a disorder of speech production, wherein production places greater demands on brain regions as compared to speech perception in AWS. De Nil et al. (2008) and Halag-Milo et al. (2016) on the other hand, reported increased activation in bilateral auditory regions and right frontal regions during passive listening in AWS relative to AWDS. These discrepancies may arise due to differences in task demands (passive vs. active listening) or the complexity of stimuli. Indeed, as the magnitude of task complexity increases, so too does the concentration of hemoglobin in the blood − the primary determinant of activation levels in fMRI experiments (Tellis et al., 2015) . In the Chang et al. study, the stimuli consisted of meaningless consonant vowel strings whereas in the De Nil et al. and Halag-Milo et al. studies, the stimuli were single syllable words and sentences, respectively. In Halag-Milo et al., auditory over-activations were limited to left superior temporal gyrus, which was thought to be an attempt to overcome decreased temporal sensitivity in stuttering (see Beal et al., 2010 Beal et al., , 2011 . Recently, Lu et al. (2016) also reported that AWS and AWDS exhibited different patterns of activation in the left IFG and anterior insula for both the perception and production of speech.
It is possible to identify differences between AWS and AWDS in areas classically associated with speech production and perception in approximately 3 min (Loucks et al., 2011) . This is important because it provides a means by which to rapidly identify neural correlates of speech production in children and who have difficulty remaining still and maintaining attention for extended period of time. The tasks in this experiment involved picture naming, but this rapid scanning sequence has yet to be applied to studies of CWS and children who do not stutter (CWDS).
3.2.1.4. Intervention. Several studies have demonstrated that the functional abnormalities observed in speech regions during speech and non-speech tasks can be altered when AWS undergo speech therapy. For example, precision fluency speech therapy consisting of an inpatient program for 3 weeks and maintenance for 1-2 years appears to attenuate or eliminate over-activation in the right IFG (Neumann et al., 2004) . In accordance with PET studies (De Nil et al., 2001; De Nil et al., 2004) , therapy can also reduce cerebellar over-activation in AWS Toyomura et al., 2015) . This may be important for remediating temporal control of speech because the cerebellum is hypothesized to be involved in the timing of external events (that is responding in a temporally dependent way to external cues). Lu et al. (2012) reported that functional connectivity in the left IFG did not change in AWDS following speech treatment. Lu et al. (2012) however did not provide details about what other regions were functionally connected to the IFG. These inconsistencies between studies could partly be attributed to the former measuring differences in resting state connectivity with the latter measuring activation during a speech production task. In an alternative view, Kell et al. (2009) assert that because they observed both structural and functional deficits in the IFG, but only functional deficits in other areas such as the basal ganglia, IFG likely has a critical role in the pathological basis of stuttering; moreover, changes in activations in other regions are likely to be sequelae of stuttering. The same group (Kell et al., this issue) performed a reanalysis of their 2009 data and interestingly, showed that the increased activation previously associated with recovered adults who stutter was not associated with increased connectivity between speech motor regions like the SMA. Instead, it was associated with reduced connectivity, suggesting that perhaps activation of Brodmann Area 47/ 12 uncouples an abnormal Broca's area from the rest of the speech production system thereby allowing it to regain normal function and enabling long term recovery. Taken together, these differences of opinion regarding the regions causally linked to stuttering, and their amenability or resistance to change with treatment, highlight the need to carefully consider how studies are designed and how data are interpreted. They further underscore the need to consider not only levels of activation, but the degree of connectivity between different regions as well.
Although transient, fluency inducing techniques can have an effect on dysfluent speech similar to that conferred by speech therapy. Such techniques include delayed and frequency shifted auditory feedback, metronomic pacing of speech, shadowed or chorals peech, and so on. Some of these appear to induce similar neural effects to traditional speech therapy, increasing activity in the bilateral superior temporal cortex in both AWS and AWDS (Watkins et al., 2008) . Under these conditions however, AWS still exhibit overactivity in the bilateral insula, cerebellum and midbrain as well as under-activity in the bilateral ventral premotor and sensorimotor cortex relative to AWDS. There is evidence that the differences in neural activity between AWS and AWDS tend to be confined to the left hemisphere rather than occurring bilaterally or in the right hemisphere alone (Toyomura et al., 2011) .
The differences between fluency inducing conditions are important, having the potential to shed light on the range of neural mechanisms by which fluency can be induced. Delayed auditory feedback (Watkins et al., 2008) and frequency altered feedback (Sakai et al., 2009) lead to a greater activation in the right IFG than normal feedback. Metronomic pacing, but not choral speech, and so on, increases activity in the basal ganglia of AWS to a level comparable to that seen in AWDS (Toyomura et al., 2011) . This is thought to result from the metronome providing an external cue with which to pace speech, and the pacing being integrated into the speech signal. Yet, the interpretation of results for some fluency inducing conditions can be somewhat difficult. For example, in the Watkins et al. study, both groups stuttered more during delayed auditory feedback (which is meant to induce fluency). Similarly, an unpublished thesis (Kazenski, 2015) found that laterality did not differ between AWS and AWDS during either normal speech or in fluency enhancing conditions. The AWS did however exhibit greater "effort" during both speech types as evidenced by greater bilateral change in hemoglobin concentration relative to AWDS.
CWS
Since 2011, there have been a small number of fMRI studies examining CWS, with findings showing some similarities but also differences when compared with results from adult studies.
3.2.2.1. Resting state. Chang and Zhu (2013) focused on the basal ganglia thalamo-cortical circuit and auditory-motor regions and found various differences between CWS and CWDS. Specifically, CWS had reduced resting state functional connectivity between the putamen and left SMA, superior temporal gyrus, insula/ rolandic operculum, and stronger connectivity between the right superior frontal gyrus and the putamen, compared with CWDS. CWS also had reduced functional connectivity between the left SMA and the left putamen, cerebellum and right superior temporal gyrus and increased connectivity between the SMA and the left cerebellum and right paracentral lobule compared with CWDS. The authors suggest that differences in these resting state networks likely relate to differences in the organization of self-timed movements in children. Much like the PET data for AWS , which highlighted the role of the basal ganglia in stuttering, these results deserve further investigation. Further support for this contention comes from another study by the same group. Chang et al. (2016) showed that resting connectivity from the putamen to the SMA and other regions of the brain is significantly reduced in CWS relative to CWDS as it relates to a rhythm discrimination task Most recently, Chang and colleagues reported a larger study of aberrant patterns of resting state connectivity between persistent and recovered CWS and their fluent peers (Chang et al., this issue) . Interestingly, there were significant group differences in large scale intrinsic connectivity networks associated with attention and default mode networks that could further differentiate between persistent and recovered individuals who stutter. The study by Chang et al. highlights the need for researchers to consider regions and networks in stuttering that are not normally associated with speech production. Of note, Xuan et al. (2012) found decreased connectivity within the default mode network and increased connectivity within the sensorimotor networks of AWS. O'Neill et al. (2017) reported differences in neurometabolism in regions associated with attention such as the bilateral superior temporal gyrusand left putamen in CWS and AWS. Likewise, Desai et al. (2016) highlighted the role of the left IFG in the pathophysiology of stuttering as they observed that reduced cerebral blood flow to the left IFG in both CWS and AWS was associated with greater stuttering severity.
Functional near infrared spectroscopy (fNIRS measures hemodynamic activity from the scalp) has shown promise as a more accessible and feasible method of studying brain activation during speech production in CWS. Using this method, Brown (2015) examined speech production in both CWS and AWS and reported both AWS and CWS showing increased activation over the right IFG and decreased activation in the left IFG during speech. The latter were interpreted to reflect inefficient feedforward mechanisms (Max et al., 2004) ; while others have argued that abnormal feedback systems, rather than feedforward systems explain stuttering behaviors, these studies have typically included only AWS (Cai et al., 2014) . Because the average age of the children was around 11, the right hemisphere activation might still be the result of having stuttered for a number of years. Apart from the novel methodology, this study also stands out in being an important crosssectional investigation of preschool children, school-aged children, and adults as it is one of a few to directly compare AWS and CWS. Such studies are important because they can help disentangle patterns of activation that change over time in response to stuttering from those that are more causally related to it.
Speech perception tasks.
Using the fNIRS method, Sato et al. (2011) found atypical laterality in CWS in a speech perception task. Specifically, they compared the responses in auditory cortex to phonetic and phonemic contrasts. Whilst the AWDS and the CWDS exhibited a left lateralized response for the phonemic contrast relative to the phonetic contrast, there was no difference between the conditions for AWS and CWS. This was true even on an individual basis, suggesting that functional lateralization of speech was disorganized in children who stutter.
3.2.2.3. Other. Based on the assumption that prenatal exposure to toxoplasma gondi could affect brain development and in particular the basal ganglia, Ç elik et al. (2015) attempted to establish whether there was a relationship between this bacteria and stuttering. They recruited a large sample of young CWS (n = 30), adolescents CWS (n = 35) and their fluent peers. These authors found that the presence of the virus was significantly higher in the stuttering group but no differences were detected in either MRI or the EEG signal between the groups. Unfortunately, the precise nature of any experimental tasks and the methods of statistical analysis were not described, thereby making it difficult to interpret the null imaging findings.
Electroencephalography
In contrast to both fMRI and PET methods, which have relatively poor temporal resolution relative to the timescales of neural activation, EEG has excellent temporal resolution. EEG is able to resolve brain activity occurring at millisecond timescales rather than over several seconds. This permits, for example, temporal differentiation between speech preparation and production and the measurement of oscillatory brain activity. EEG is also considerably cheaper and quieter than fMRI. Because the recording electrodes are affixed to an individual's scalp rather than in a set position, EEG is considerably more tolerant of head movement, providing a major advantage for studies of CWS. However, EEG has poor spatial resolution and is therefore not able to reliably localize sources of neural activity in brain space. Because EEG is also very sensitive to muscle artifacts, recordings during continuous speech are difficult; consequently, the majority of EEG studies have focused on auditory and/ or linguistic processing whilst others have focused on preparatory speech activity.
There have been 25 EEG studies relating to speech production and auditory processing in AWS, some combined with adolescent CWS (Achim, Braun, & Collin, 2008; Andrade, Sassi, Matas, Neves, & Martins, 2007; Angrisani, Matas, Neves, Sassi, & Andrade, 2009; Arnstein, Lakey, Compton, & Kleinow, 2011; Corbera, Corral, Escera, & Idiazábal, 2005; Cuadrado & Weber-Fox, 2003; Daliri & Max, 2015; Dietrich, Barry, & Parker, 1995; Joos, De Ridder, Boey, & Vanneste, 2014; Khedr, El-Nasser, Abdel Haleem, Bakr, & Trakhan, 2000; Liotti et al., 2010; Maxfield, Huffman, Frisch, & Hinckley, 2010; Maxfield, Pizon-Moore, Frisch, & Constantine, 2012; Maxfield, Morris, Frisch, Morphew, & Constantine, 2015; Mock, Foundas, & Golob, 2015; Morgan, Cranford, & Burk, 1997; Murase, Kawashima, Satake, & Era, 2016; Rastatter, Stuart, & Kalinowski, 1998; Sassi, Matas, de Mendonç a, & de Andrade, 2011; Tahaei, Ashayeri, Pourbakht, & Kamali, 2014; Vanhoutte et al., 2015; Weber-Fox, Spencer, Spruill, & Smith, 2004; Weber-Fox, 2001 Mohan & Weber, 2015; Özcan, Altınayar, Özcan, Ünal, & Karlıdag, 2009; Özge, Toros, & Ç ömelekoglu, 2004; Usler & Weber-Fox, 2015; Weber-Fox, Wray, & Arnold, 2013) . One single study has recruited a mixed-aged group spanning from young CWS to AWS (Khedr et al., 2000) .
Six papers have been published since the search was completed and, due to their relevance, they are considered in the discussion: Maxfield et al. (2016) , Mock, Foundas and Golob (2016) , Piispala et al. (2016) , Prestes et al. (2016) , Sengupta et al. (2016) and Vanhoutte et al. (2016) .
3.3.1. AWS 3.3.1.1. Resting state. One study has examined resting state EEG in AWS. Much like fMRI and PET studies, there is some evidence that AWS and AWDS exhibit different patterns of brain activation in the absence of any task. Recently, Joos et al. (2014) found reduced oscillatory connectivity in the beta band (12.5-18 Hz) in AWS, relative to AWDS, between the left pars triangularis (BA45) and right primary motor cortex (BA4), as well as between the left pars opercularis (BA44) and the right premotor cortex (BA6) and primary motor cortex (BA4). The sources were localized using standardized low resolution brain electromagnetic tomography (sLORETA), a method of distributed source analysis (Pascual-Marqui, 2002) . It is unclear whether such differences are evident in AWS or CWS during or prior to speech, because no other study has investigated oscillatory connectivity in stuttering.
3.3.1.2. Speech tasks. In task-based paradigms, there is growing evidence that AWS have abnormalities in not only the neural processes associated with speech movement, but also the neural processes associated with the preparation to move. One measure of movement preparation is the contingent negative variation (CNV): a slow wave measured in either EEG or MEG preceding the onset of movement that occurs between two defined stimuli. Achim et al. (2008) found that this component was smaller in AWS than AWDS preceding both fluent and stuttered speech. The authors observed a larger CNV over the right hemisphere for AWS only when speech was dysfluent.
The CNV has also been investigated in a more recent EEG study by Vanhoutte et al. (2015) . Because the amplitude of the CNV is dependent on baseline measures which can make it hard to detect between-group differences, Vanhoutte et al. measured the slope of the CNV, which is not baseline-dependent. These authors reported that during the fluent production of single words, the slope of the CNV was steeper in AWS than in AWDS and the slope was positively correlated with stuttering severity. Since the CNV is generated by structures in the basal ganglia-thalamo-cortical loop (Bares & Rektor, 2001) , the authors suggested AWS have a dysfunction in that network. This explanation is consistent with fMRI studies (e.g., . However, it is also possible that the increased slope reflects greater effort to achieve the same degree of motor readiness or potentially the strength of impulse control applied during the preparation period. In other words, AWS might actually be less prepared to move and require a greater degree of preparation to execute the planned movement. A more recent study by Vanhoutte et al. (2016) demonstrated that the CNV was smaller preceding stuttered words, compared to fluent words. This further correlated with measures of stuttering severity perhaps indicating it is a compensatory response that promotes fluency.
Later, Ning et al. (2017) reported that a premature shift from the early to late CNV reflects an aberrant timing of speech response. Interestingly, there are correlations between the beta band and the CNV, and both are influenced by drugs that modulate dopamine (see Kononowicz & Penney, 2016) . Mock et al. (2016) showed that beta desynchronization during preparation for speech correlated with stuttering rate. Further, Mersov et al. (this issue) showed that beta desynchronisation is reduced in AWS prior to stuttered as compared to fluent speech thereby providing further evidence that without sufficient preparatory activity, speech may be disfluent. More broadly, these indirectly confirm the suggestion that oscillatory function in the beta band −associated with motor activity − is linked with stuttering (Etchell et al., 2014) . Arnstein et al. (2011) used EEG to investigate error-monitoring processes during a task where AWS had to judge whether or not a "target" was orthographically similar or dissimilar and rhymed or did not rhyme with a "test" word. Responses were made via a button press and errors were indexed by the error-related negativity (i.e., N100, an electrophysiological component that peaks about 100 ms after the initiation of an incorrect response) and the error related positivity (P300, another component that peaks 200-400 ms after an incorrect response). For example, the N100 and P300 components could be observed when judging that a target word rhymed with a test word when, in fact, it did not. The authors hypothesized that excessive error monitoring could lead to dysfluencies by disrupting speech planning (see also Postma, Kolk, & Povel, 1990) . Speech is disrupted because, once an error is detected, a new correct speech plan must be activated or formed (see Civier et al., 2010) . AWS showed a larger amplitude N100 regardless of the accuracy of their response. One interpretation of this result is that AWS perceive their speech plan as being incorrect, even when there is nothing wrong with it, and that the resulting attempts to repair speech cause stuttering. Indeed, even when speech rate is held constant, AWS make and detect more errors than AWDS (Brocklehurst & Corley, 2011) .
Abnormal electrophysiological activity associated with the preparation to speak is not limited to motoric processes; it also extends to sensory processes. Daliri and Max (2015) investigated speech planning by examining auditory evoked responses to tones presented either prior to speech or prior to silent reading. Whereas the AWDS showed a reduction in the amplitude of the N100 response on the tone trials relative to the control condition (tones presented before a fixation cross) in the speech condition, AWS did not. This was taken to suggest that AWS have difficulty in predictively modulating sensory systems prior to speech. Mock et al. (2015) also presented participants with a tone while they were preparing to speak, but they first received a cue that either allowed them to prepare to name a target or did not allow them to prepare. The electrophysiological response was thought to be an index of the strength of efference copy (i.e., motor cortex sending copies of motor commands to sensory regions). Mock et al. (2015) found a significantly reduced amplitude of electrophysiological responses at ∼130 ms in the bilateral ventral premotor cortex in AWS compared to AWDS suggesting that the generation of efference copies of motor commands might be impaired in AWS. A recent study also reported that, whereas AWDS demonstrated adaptations to perturbations of auditory feedback, no such response was evident in AWS (Sengupta, Shah, Gore, Loucks, & Nasir, 2016) . Additionally, behavioral responses were associated with corresponding differences in neural activity which may suggest a motor programming disruption whereby AWS are less able than AWDS to incorporate errors in sensory feedback into internal models for motor control (Max et al., 2004) or feedforward motor commands (see Cai et al., 2012) , resulting in restarts and initial syllable repetitions (Civier et al., 2010) .
The deficits in sensorimotor processing above may explain a variety of the abnormal neural responses to auditory stimuli that have been described for AWS relative to AWDS. These include shorter middle latency auditory responses (Dietrich et al., 1995) , left lateralized mismatch negativity responses to "oddball" stimuli representing phonetic contrasts (Corbera et al., 2005) , and increased right hemisphere amplitude of P300 to infrequent pure tone stimuli (Morgan et al., 1997) . These studies support abnormal auditory processing and the hypothesis of altered cerebral dominance in stuttering. Hampton and Weber-Fox (2008) cautioned that these abnormal responses may be modulated by skill level. They found that only the AWS individuals performing well below normal levels on an oddball detection task showed atypical N100, P200 and P300 components.
There has been some controversy surrounding electrophysiological measures of AWS. Some studies have not found differences in the amplitude or latency of the P300 in response to pure tone stimuli for AWS (Andrade et al., 2007; Angrisani et al., 2009; Sassi et al., 2011) . It may be that neural responses to unexpected changes in tone frequency cannot reliably differentiate between AWS and AWDS. It might also depend on the task difficulty. In a single oddball task condition, Maxfield et al. (2016) found no difference in P300 amplitude between AWS and AWDS. However, in a dual task condition when performing the oddball task and a picture naming task at the same time, the P300 amplitude was reduced in AWS compared to AWDS. Maxfield et al. argued that demanding tasks might have a more detrimental effect on AWS than AWDS. Prestes et al. (2016) also pointed out that some of the deficits in auditory processing in AWS may be due to deficits in temporal processing, such as detection of short gaps (0-40 ms) between sounds.
3.3.1.3. Other. Speech production can be affected not only by preparatory responses and perception, but also by psycholinguistic factors. Accordingly, Weber-Fox and colleagues have run a series of studies examining differences between AWS and AWDS in electrophysiological indices of semantic, phonological, and syntactic violations. ERP peaks (N100, P200 and N400) in AWS were significantly reduced in amplitude, relative to cognitively-matched controls, to closed class words (i.e., words that provide grammatical information), open class words (i.e., words that provide referential information) and to violations of semantic expectation (Weber-Fox, 2001 ). However, ERP differences between AWS and AWDS are not confined to this early temporal window. AWS have also shown a reduced amplitude and duration of the P600 elicited in this particular case by a response to subject verb agreement violations (Cuadrado & Weber-Fox, 2003) , perhaps reflecting a lack of syntactic revision. AWS have also shown a greater peak difference amplitude, in the right hemisphere only, between a task involving rhyme judgments and a baseline task (Weber-Fox et al., 2004) . In comparison, the amplitude of the difference components was similar across hemispheres for the AWDS. Consequently, these authors concluded that the core neurophysiological deficit in stuttering did not relate to phonological deficits as there was a general similarity in evoked responses between AWS and AWDS. Instead, they suggest that differences between AWS and AWDS are the result of an interaction of increased cognitive load and other factors such as language constraints.
In line with the reasoning that psycholinguistic factors may disrupt speech fluency, some authors have tested whether speech breakdown is due to difficulties associated with word retrieval. Maxfield and colleagues (Maxfield et al., 2010 (Maxfield et al., , 2012 conducted aseries of experiments to test if various types of priming would elicit typical or atypical electrophysiological components prior to speech. This research largely focused on the N400 which indexes the spreading of activation between related and unrelated words (see Jescheniak, Schriefers, Garrett, & Friederici, 2002) . Semantically or phonologically related words reduce the amplitude of the N400 response in AWDS but increase the amplitude of the N400 response in AWS (Maxfield et al., 2010 (Maxfield et al., , 2012 . This suggests that, while priming can facilitate speech production in AWDS, the same stimulus in AWS leads to a spreading of activation that makes access to the target more difficult. The authors reasoned that AWS may therefore employ a center-surround inhibitory mechanism in order to select the appropriate target. Supporting this idea, Maxfield et al. (2015) reported that AWS, but not AWDS, showed a P280 component immediately before speech production, indicative of identity priming. This was taken to suggest that the AWS had more focused attention than AWDS immediately prior to speech production.
3.3.1.4. Intervention. While a number of fMRI and PET studies have investigated the effects of fluency inducing mechanisms on neural activity of AWS, far fewer have used EEG to measure the effects of intervention or fluency inducing techniques. Three previous studies (Andrade et al., 2007; Angrisani et al., 2009; Sassi et al., 2011) , found no difference in electrophysiological measures before or after speech treatment. In contrast to this, Rastatter et al. (1998) found that delayed auditory feedback and frequency-altered feedback reduced abnormally high beta band oscillations in AWS, particularly over the left hemisphere.
3.3.2. CWS 3.3.2.1. Resting state. Oscillatory activity across a variety of frequency bands can be influenced by different patterns of breathing. Using this manipulation Özge et al. (2004) showed that, at rest and during hyperventilation, CWS exhibited markedly increased delta oscillations, related to cerebral maturation as well as decreased beta oscillations, related to movement, compared to CWDS. These results with respect to the beta band are similar to those in AWS (see Joos et al., 2014) .
3.3.2.2. Non-speech tasks. Several EEG studies have focused on investigating responses to auditory tones in CWS. CWS show reduced auditory evoked brainstem responses to tones (Khedr et al., 2000; Tahaei et al., 2014) . Additionally, while frequent 1 kHz tones elicit similar neural responses in CWDS and CWS, oddball 2 kHz tones elicit a P300 response only in CWDS (Kaganovich et al., 2010) . Similarly, Jansson-Verkasalo et al. (2014) demonstrated that CWS fail to show a mismatch negativity response to changes in linguistic features such as intensity or frequency (the response to changes in duration of vowels was normal, though). However, Özge et al. (2009) , using a repetition suppression paradigm found no difference in P50 suppression between CWS and CWDS (though see Kikuchi et al., 2011 for a MEG study reporting differences in repetition suppression between AWS and AWDS). By and large, these results are consistent with findings in AWS (e.g., Corbera et al., 2005; Dietrich et al., 1995; Morgan et al., 1997) and show that auditory deficits are present close to the onset of stuttering.
3.3.2.3. Cognitive control. While there is considerable evidence that differences in auditory processing may affect speech production, there is less evidence that emotion can affect the speech of CWS. Arnold et al. (2011) measured the electrophysiological indices during speech production after CWS and CWDS listened to conversations that conveyed different emotions. They reported no difference in EEG measurements between CWS and CWDS.
Others have examined attentional control and speed of reaction times in CWS. Although CWS and CWDS tend to have similar manual reaction times (Till, Reich, Dickey, & Seiber, 1983) , this finding is not always consistent (Cross & Luper, 1983) . Despite this, the latency of the electrophysiological components (particularly the N200) is longer in CWS than in CWDS (Piispala, Kallio, Bloigu, & Jansson-Verkasalo, 2016) . The authors suggested that, given that CWS exhibit difficulties shifting attention (Eggers et al., 2012) , the N200 delay was related to poor attentional control, leading to slower stimulus processing and thereby slower reaction times. This finding is in agreement withthe idea that AWS are less prepared to move than AWDS (Achim et al., 2008; Vanhoutte et al., 2015) .
Weber -Fox, Spruill, Spencer and Smith (2008) replicated their 2004 rhyme judgment study on AWS in a group of CWS. Consistent with their previous study, both CWS and CWDS exhibited an N400 response to rhyming targets. The latency of the N400 was earlier over the left hemisphere than the right hemisphere for CWDS than for CWS (for both prime and target stimuli) and was taken to suggest that CWS have abnormal laterality in processing linguistic stimuli. The contingent negative variation (CNV), related tomemory and retention, was smaller in amplitude in the CWS group. Since the CNV of AWS and AWDS is no different (recorded, but unreported in Weber- , this result suggests a developmental phenomenon that resolves with maturation. It should be noted, though, that the results of Weber-Fox et al. may simply reflect differences in task performance; CWS had lower overall accuracy, possibly due to delayed language development. Delayed language development might be reflected in increased latencies of electrophysiological responses. Consistent with this reasoning, Weber- Fox et al. (2013) showed that verb agreement violations in a passive listening task elicited an N400 for both CWS and CWDS, but the latency of the component was delayed for the stuttering group. In another study by the same group that also considered grammatical violations when listening to sentences (e.g., 'Every day the children pretends to be superheroes'), AWS but not AWDS showed an increase in the N400 amplitude , which was interpreted as reflecting greater processing difficulty and/ or less efficient lexical access. Furthermore, AWDS exhibited a P600 for sentences containing verb agreement violations but not semantic violations, while AWS exhibited a P600 for both conditions. Similarly, indicating that AWS take more time to process the same stimuli than do AWDS. Murase et al. (2015) reported that AWS exhibit a smaller N400 and larger late positive component when listening to sentences. Notably, all of these studies were conducted in the absence of overt speech production. While they shed light on psycholinguistic processes that may influence speech production, they do not provide direct electrophysiological evidence that AWS or CWS differ from their fluent peers in speech production processes.
Recently, Usler and Weber-Fox (2015) examined whether different brain responses to semantic and syntactic violations could differentiate between children who persisted and who recovered from stuttering. Relative to canonical sentences (e.g., 'Pingu is building a castle on the floor'), semantic violations (e.g., 'Pingu is building a music on the floor') elicited an N400 effect across CWDS and persistent and recovered CWS. Additionally, when compared to canonical phrase structures (e.g., 'Mommy and Daddy look at their son'), syntactic violations (e.g., 'Mommy and Daddy look at that their son') elicited a P600 component (often elicited by syntactic violations) that was equal in latency and amplitude across the three groups of children. However, when listening to Jabberwocky sentences, the same phrase structure violations elicited a P600 in CWDS and recovered CWS but an N400 effect in persistent CWS. Mohan and Weber (2015) also reported that, as compared to non-rhyming targets, rhyming targets elicited an N400 over anterior sites for CWDS and recovered CWS, but was absent for persistent CWS group. Perhaps the N400 response has potential as a marker for persistence of stuttering in children. That various psycholinguistic factors were associated with the persistence and recovery of stuttering highlight the influence of language related factors in this disorder.
Magnetoencephalography
MEG, like EEG, has excellent temporal resolution and is quiet. MEG measures the strength of the magnetic fields outside the head associated with current flow in the brain. Because the recording of magnetic flux is less spatially affected by differences in tissue homogeneity across the head, it is better able to localize neural activity than EEG, though MEG is still not as spatially accurate as fMRI. Like MRI, however, MEG is less tolerant than EEG to head movement because the sensors are in a fixed position. This may maketesting children difficult unless one uses techniques for head-movement correction. Because the sensors need to be as close as possible to the head, testing young children also requires a pediatric MEG with smaller helmet size, though currently such infrastructure is not widely available. Furthermore, MEG is considerably more expensive than EEG due to the need for significant electromagnetic shielding and the operating costs of using liquid helium.
There have been six MEG studies focusing on AWS (Beal et al., 2010; Biermann-Ruben, Salmelin, & Schnitzler, 2005; Kikuchi et al., 2011; Salmelin et al., 1998; Salmelin, Schnitzler, Schmitz, & Freund, 2000; Walla, Mayer, Deecke, & Thurner, 2004 ) and 3 MEG studies focusing on CWS (Beal et al., 2011; Etchell, Ryan, Martin, Johnson, & Sowman, 2016; Sowman, Crain, Harrison, & Johnson, 2014) . The Kikuchi and colleagues group also recently reanalyzed their previous data in frequency space, i.e., in terms of brain oscillatory dynamics as opposed to evoked amplitudes in their previous analysis (Kikuchi et al., 2016) .
3.4.1. AWS 3.4.1.1. Speech production tasks. The first MEG study with AWS examined neural responses to tones presented while participants were speaking or reading, with the purpose of identifying whether there were difference in the temporal dynamics of speech in AWS and AWDS (Salmelin et al., 1998) . While the timings of evoked responses determined from dipoles in the auditory cortices were similar in both groups, the amplitude of the M100 response was larger in AWS relative to AWDS, perhaps suggesting AWS require greater "effort" to achieve the behavioral response. The amplitude of the M100 was also larger in the left than the right hemisphere for AWS, which the authors argued was indicative of an imbalance of hemispheric lateralization that could disturb speech production. A later study by the same group (Salmelin et al., 2000) tested brain activation during single word reading. These authors found that, whereas neural activations in AWDS progressed from the left inferior frontal cortex (involved in articulatory planning) to the left fronto-parietal cortex and then to the motor cortex, AWS showed a reversed pattern, where activation progressed from the fronto-parietal cortex to the left inferior frontal cortex. These findings were thought to reflect disordered generation of motor programs before the completion of articulatory planning in stuttering.
Biermann-Ruben et al. (2005) also examined the temporal dynamics of cortical activation in AWS and AWDS but tested the more complex task of sentence reading rather than isolated word reading. AWS, but not AWDS, exhibited activation in the left inferior frontal cortex between 95 and 145 ms after stimulus onset. AWS also engaged the right frontal operculum. These results again were taken to indicate aberrant hemispheric dominance.
To investigate the preparatory stage of speech production in more detail, Walla et al. (2004) measured the Bereitschaft potential which occurs 50 ms prior to the onset of speech. They found that, whilst AWDS exhibited a Bereitschaft potential, AWS did not (c.f. EEG study by Vanhoutte et al., 2015) . They proposed that AWS lacked a state of 'focused verbal anticipation' that is linked to gathering and preparing information required to produce a word. The lack of preparatory activity is perhaps also linked to decreases in cortical excitability in AWS relative to AWDS (see TMS studies below). Reduced motor preparatory activity may be a cause of reduced excitability in the motor cortex, which in turn could affect the initiation of speech movements.
Another important component of speech production is the phenomenon of speech-induced auditory suppression − the reduction in an auditory evoked response to self vs. externally initiated speech. Using MEG, Beal et al. (2010) found that the amount of suppression in AWS was remarkably similar to the amount of suppression observed in AWDS. There was, however, a delay in the peak of the M100 component in AWS relative to AWDS (see also Liotti et al., 2010 ; for a similar study with high-density EEG), suggesting that AWS exhibit a temporal deficit in processing their own speech.
3.4.1.2. Auditory and speech perception tasks. One MEG study has focused on auditory processing abilities of AWS. Kikuchi et al. (2011) assessed the abilities of AWS and AWDS to gate (i.e., suppress) the second of two sequential pure tones. Whereas AWDS exhibited a suppression of the M100 response, AWS did not. This was taken to suggest AWS have difficulties in suppressing irrelevant sensory input (see Özcan et al., 2009 , for an EEG study of auditory gating in CWS). A reanalysis of the same MEG data (Kikuchi et al., 2016) revealed that AWS show increased interhemispheric synchronization in the beta band in the superior temporal gyri. They suggested that right hemisphere increases were compensating for left hemisphere deficits. Taken together, these results and the results of Beal et al. (2010) provide further support for abnormal auditory motor integration in AWS.
CWS
The first to use MEG to investigate CWS were Beal et al. (2011) who reported a delay in the M50 component for CWS relative to CWDS, suggesting that auditory processing was slower in the stuttering group. Notably, this was similar to their previous finding (Beal et al., 2010 ) of a delay in the peak of the M100 component in AWS relative to AWDS (see also Liotti et al., 2010) . These findings are interesting, but it should be noted that the study was conducted on children aged 6-12 years, well past the age of onset for stuttering. Furthermore, they used an adult-sized MEG instead of a pediatric MEG which is likely to be non-optimal for detection of neuromagnetic flux in a significant proportion of the cohort studied.
A later study by Sowman et al. (2014) pioneered the use of pediatric MEG in stuttering, and examined the hemispheric laterality of CWS and CWDS aged 3-6 years during a picture-naming task. These authors found no difference between groups suggesting that abnormal laterality in stuttering develops only later in life (see also Choo, Chang, Zengin-Bolatkale, Ambrose, & Loucks, 2012) .
In a more recent study, the same group (Etchell, Ryan et al., 2016; showed that CWS exhibit an out-of-phase pattern of beta band activity in response to isochronous sounds with a 450 ms interval. The authors interpreted this as evidence for a deficit in timing rather than in the processing of sounds (see also Alm, 2004) , in line with fMRI and diffusion tensor imaging (DTI) studies of CWS (e.g., Chang & Zhu, 2013) .
Transcranial magnetic stimulation
While the spatial and temporal dynamics of speech production can be readily examined with fMRI, PET, MEG and EEG, neurophysiological techniques like transcranial magnetic stimulation (TMS) are unique because they allow probing of the excitation and inhibition of cortical regions. There have been a total of seven studies that have used TMS to compare cortical excitability and inhibition between AWS and AWDS (Alm, Karlsson, Sundberg, & Axelson, 2013; Busan et al., 2013; Neef, Paulus, Neef, von Gudenberg, & Sommer, 2011; Neef, Jung et al., 2011; Neef, Hoang et al., 2015; Sommer, Wischer, Tergau, & Paulus, 2003; Sommer et al., 2009) , and one additional study that was published after our search was completed (Busan et al., 2016) . Our search returned no TMS studies ofCWS. Notably, at the time of submission there were no published studies of transcranial alternating current stimulation (tACS) or transcranial direct current stimulation (tDCS) in either AWS or CWS. Subsequently, Chesters, Watkins and Möttönen (2017) have published a study on the effects of tDCS on speech therapy in AWS.
3.5.1. AWS 3.5.1.1. Nonspeech and speech tasks. The earliest TMS study on stuttering (Sommer et al., 2003) compared intra-cortical inhibition and intra-cortical facilitation between the hand area of the motor cortex of AWS and AWDS. By using a conditioning TMS pulse to the hand area of the motor cortex followed by a test pulse, inhibitory and excitatory connections within motor cortex can be measured. Whilst both of these measures were found to be normal in AWS, the authors incidentally reported higher motor thresholds, suggesting reduced motor cortical excitability in AWS. Subsequently, the same group used TMS to examine the hypothesis that AWS might have aberrant inter-hemispheric communications. They used a TMS technique that measures inter-hemispheric inhibition; applying a single conditioning pulse to the motor cortex of one hemisphere followed by a second test pulse approximately 10 ms later to the opposite hemisphere (Kujirai et al., 1993) , and measuring the resulting motor evoked potential (MEP). On recording activity from the abductus digitis minimi muscle in the hand, Sommer et al. (2009) found that there was no significant difference between groups with respect to the amplitude of the conditioned motor evoked potentials (MEPs). This suggested that inter-hemispheric inhibition was normal in AWS. However, it may be that this measure was not sensitive enough. Accordingly, Busan et al. (2016) reported a higher threshold for the silent period (i.e., temporary suppression of muscular activity following a TMS pulse) in the left hemisphere of the tongue motor cortex in AWS compared to AWS. This finding likely reflects reduced intra-cortical inhibition in speech motor regions in stuttering, even in the absence of stuttered speech.
Other studies have found changes in motor cortex excitability for AWS (e.g., Alm et al., 2013; Busan et al., 2013; Sommer et al., 2009 ). Alm et al. showed that motor thresholds in AWS were elevated in the left hemisphere relative to (a) their own right hemisphere and (b) the left hemisphere of AWDS. In contrast, Busan et al. found no difference in resting thresholds. However, they produced more evidence to suggest a reduced motor excitability in AWS, particularly in the left hemisphere. They showed that, for stimulation at a given fraction above motor threshold, smaller MEPs were evoked in the right hand of AWS compared to AWDS. Together these studies suggest that stuttering may be a symptom of a broader motor control disorder because there is abnormal excitability, with elevated threshold and/ or reduced amplitude of motor excitability in the hand representation of the motor cortex.
Until the last few years, most TMS studies of stuttering focused on the hand motor representation of the brain because it was deemed methodologically difficult to record from orofacial muscles like the tongue. were the first to apply TMS in the oral mechanism in AWS. They showed that AWS have reduced short intra-cortical inhibition and intra-cortical facilitation in the tongue representation of the motor cortex. This highlighted that abnormalities exist both at rest in AWS relative to AWDS, as well as in speech (i.e., generating a verb; Neef, Hoang et al., 2015) , in an area crucially involved in articulation. Measuring the active motor threshold of AWS and AWDS during speech, Neef, Hoang et al. (2015) found that AWS exhibited less excitability (i.e., higher motor thresholds) than AWDS in the tongue representation of the motor cortex in both the left and right hemispheres of the brain. Additionally, AWS failed to show an increase in excitability (MEP amplitude) prior to movement that was seen in AWDS up to 160 ms before speech onset. Importantly, this study directly linked observations of decreased cortical excitability to speech production. By demonstrating reduced excitability of the motor cortex during speech, Neef, Hoang et al. (2015) showed that alterations in excitability could directly impact speech production. This parallels observations of reduced functional activation in the left motor regions, and might also explain EEG and MEG results in AWS showing abnormal Bereitschaft potential (Walla et al., 2004) or contingent negative variation (Vanhoutte et al., 2015) prior to normal or stuttered speech (Vanhoutte et al., 2016) . No study has yet attempted to examine differences in either motor thresholds or motor evoked potentials between CWS and CWDS.
Another study by Neef and colleagues explored the idea that stuttering is related to deficits in timing (Neef, Jung et al., 2011) . These authors applied disruptive, repetitive TMS to the left and right dorsal premotor cortex of AWS and AWDS and examined the effectson behavioral performance during a paced finger-tapping task. In AWDS, repetitive TMS of the left dorsal premotor cortex impaired tap to tone asynchrony in the left but not the right hand. Conversely, in AWS, repetitive TMS of the right dorsal premotor cortex impaired the tap to tone asynchrony when tapping with the left hand. This suggests that timing control in AWDS is mediated by the left hemisphere but that it is shifted to the right hemisphere in AWS. These findings are generally consistent with rightward shifts inmotor and premotor activations in AWS (e.g., Braun et al., 1997; Fox et al., 2000) but also highlight the relevance of possible impaired motor predictions in AWS (see Pollok, Krause, Butz, & Schnitzler, 2009 ). To our knowledge, Neef, Jung et al. (2011) have published the only study to apply repetitive TMS in AWS.
One recent study examined the effects of tDCS on speech therapy in AWS (Chesters et al., 2017) . It was a valiant attempt to use TDCS to investigate the brain basis of stuttering, but the results were not encouraging given the lack of significant differences between active and sham stimulation. The results may have been attributable to widespread differences in the severity of stuttering, the manner of speech therapy, site of stimulation or using standard high definition tDCS systems. The effects of varying these parameters could be investigated in future studies.
Voxel-based morphometry: gray matter
Whereas PET, fMRI, EEG, MEG and TMS are used to investigate the function of the brain, they provide no information about the structure of the brain. The structure of the brain is important to examine because differences in structure could underlie differences in function. Voxel-based morphometry (VBM) is a fully automated technique to detect group differences in the volume of gray matter in different parts of the brain. In VBM, the intensity of each brain voxel on the T1 image is used to estimate whether it contains gray matter, white matter, CSF, or combination of them. When used for gray matter analysis, the estimations of gray matter density (or gray matter volume, GMV) in each vowel (expressed as the probability that the voxel consists of gray matter only) is compared between groups in search of significant differences. To compare brains across subjects, VBM uses both nonlinear spatial normalization and a smoothing kernel. A possible consequence of the former is that a brain with an anomaly will be erroneously wrapped to over-fit a healthy brain; fortunately, VBM solves this problem by taking into account the extent of wrapping before performing statistics. A report of VBM results usually includes the location of clusters of affected voxels as inferred from an anatomical atlas. A total of six studies have used VBM to study structural differences between AWS and their fluent peers (Beal, Gracco, Lafaille, & Luc, 2007; Choo et al., 2011; Jäncke, Hanggi, & Steinmetz, 2004; Kell et al., 2009; Kikuchi et al., 2011; ) and a further two have used VBM in school-aged CWS (Beal, Gracco, Brettschneider, Kroll, & Luc, 2013; Chang et al., 2008) . In addition, one unpublished thesis (Zengin, 2011) and one non-English paper (Song et al., 2007) , which are not included in this systematic review, report on differences in GMV as well.
AWS
Most VBM studies of AWS have reported significant group differences in GMV, although these have been uncorrected for multiple comparisons over the whole brain (usually p < 0.001 uncorrected). Exceptions are the study by that reported several corrected results, and the study by Kell et al. (2009) that reported on one region, the left IFG, where AWS had reduced GMVcompared to controls (p < 0.05 corrected). Although Kell et al. also found a correlation between GMV in IFG and stuttering severity, these IFG effects have not been replicated by other studies.
Despite the localization of group differences in VBM studies varying considerably between studies, two brain regions stand out: the right precentral gyrus and the right superior temporal gyrus (STG). In both these regions, multiple publications have shown that AWS have higher GMV than controls (Beal et al., 2007; Kikuchi et al., 2011; Song et al., 2007; Zengin, 2011) . It has been asserted that the abnormal structure/ function in the right hemisphere in stuttering is a direct result of abnormal structure and functioning of the left hemisphere Choo et al., 2011) . For example, deficits in the left STG may result in increased reliance on the right hemisphere homologue (Kikuchi et al., 2011) . These right hemispheric differences might be the result of adaptive or maladaptive compensation (see Civier, Kronfeld-Duenias, Amir, Ezrati-Vinacour, & Ben-Shachar, 2015). Recently, Sowman et al. (2017) revealed significant (corrected) GMV differences in basal ganglia between AWS and AWDS, highlighting the importance of the basal ganglia in stuttering.
CWS
While most group differences in adults are higher GMV in AWS than AWDS, in children the opposite pattern is more common: reduced GMV in CWS compared to control children. For example, the putamen has less GMV in CWS, perhaps reflecting the fact that it is under-utilized, not utilized efficiently, or did not develop properly in the first place (Beal et al., 2013; Chang et al., 2008) . Nevertheless, some regions do show the same effect in both age groups: the bilateral medial frontal gyrus exhibits decreased GMV (Chang et al., 2008; and, as with AWS, the right superior temporal gyrus exhibits increased GMV (Beal et al., 2007 (Beal et al., , 2013 . Interestingly, children who persist at stuttering exhibit more GMV in the right (and left) STG than those children who have recovered from stuttering (Chang et al., 2008) . A baffling difference between CWS and AWS concerns the correlations with behavior detected in the IFG: in CWS, stuttering severity is negatively correlated with right IFG GMV (Beal et al., 2013) whereas in AWS, thesame behavioral correlation shows up in left IFG (Kell et al., 2009) . Such findings raise questions regarding the hypothesis that right hemisphere group differences in stuttering merely reflect plasticity due to left hemisphere impairment.
Zengin (2011) provide an approach that may shed light on GMV changes throughout a lifelong struggle with stuttering. These authors used VBM to study AWS, CWS and recovered children separately, with all groups being investigated using the same experimental paradigm. Unfortunately, with only 7 children per group in that study, definitive conclusions cannot be drawn as yet.
Morphology: gray matter
Although VBM is automatic, it has the drawback that the large number of statistical comparisons (all brain voxels) increases the probability of false positives and necessitates correction for multiple comparisons. To detect large scale differences in the size of brain regions, an alternative approach is often applied instead − brain regions are manually segmented on the T1 image and their size, in terms of voxels, is measured. A total of three MRI studies measured the size of gray matter brain regions in AWS (Foundas, Bollich, Corey, Hurley, & Heilman, 2001; Foundas et al., 2003 Foundas et al., , 2004 ) while a further two have used this method in CWS (Foundas, Cindass, Mock, & Corey, 2013; Mock et al., 2012) . One recent similar study on AWS is not included in the systematic review (Watkins et al., 2008 Watkins et al. this issue) . In addition, cortical thickness was investigated by two studies on AWS (Cai et al., 2014; Lu et al., 2012) , and one study on a combined group of CWS and AWS (Beal et al., 2015) . Lastly, one study investigated cortical folding in AWS only (Cykowski et al., 2008) .
AWS
Most of the morphological studies were conducted by Foundas and colleagues (Foundas et al., 2001 (Foundas et al., , 2003 (Foundas et al., , 2004 , with the main finding being atypical laterality − AWS have larger structures on the right hemisphere relative to the left when compared with controls. The left planum temporale, specifically, is larger than the right planum temporale in AWDS but not in AWS where the two regions are generally the same size (Foundas et al., 2001 (Foundas et al., , 2004 . It is of note though that a recent study, which utilized Foundas and colleagues' methodology on a larger sample of PWS, could not replicate their results with relation to the planum temporale (Watkins et al., 
this issue).
A well-known characteristic of gray matter is that it changes in response to experience. Repeated use of brain regions for a given task often results in expansion of that area whereas under-utilizing a brain region can lead to a decrease in its size. For example, musicians have increased hand motor representation in the brain (see for review Herholz & Zatorre, 2012; Lappe, Herholz, Trainor, & Pantev, 2008) . For this reason, it has been suggested that the atypical bias of gray matter to the right is likely a result of increased right hemisphere utilization, presumably in an attempt to compensate for stuttering (e.g., Civier et al., 2015) . Such inter-hemispheric reorganization might also account for the increased number of sulci and gyral banks detected in right perisylvian regions in AWS (Cykowski et al., 2008) .
CWS
Studies on gray matter morphology in CWS have mostly replicated the findings in AWS (Foundas et al., 2013; Mock et al., 2012) suggesting that, if such reorganization does indeed happen, it is occurring soon after disorder onset. It is possible that in stuttering, gray matter develops differently to begin with, but this hypothesis would be difficult to test empirically given the disorder's early-childhood onset. Such efforts may require a study of children at risk of stuttering and collecting various measures of brain structure throughout childhood.
A recent study reported that the left IFG is the only brain region that exhibits an abnormal developmental trajectory (absent cortical thickening) over a lifetime of stuttering, from childhood to adulthood (Beal et al., 2015) . This is consistent with the aforementioned finding of atypical GMV in left IFG in AWS (Kell et al., 2009) . In that study, stuttering was also associated with elevated fractional anisotropy values in left IFG (i.e., a measure of water diffusivity along axons, with atypical values, either too high or too low, indicative of microstructural anomaly in the white matter), with adult-onset unassisted recovery appearing to normalize them (Kell et al., 2009 ).
Voxel-based morphometry: white matter
The VBM analysis of white matter is identical to that of gray matter other that it works on the estimates of white matter volume (WMV) in each voxel rather than gray matter volume. VBM being limited to detecting macrostructural differences in white matter is inferior to diffusion MRI that can also detect microstructural differences. Moreover, the T1 scans used for VBM does not give information on fiber directionality which is required for tractography. That said, T1 scans are short in time, and sometimes preferred for studying children (e.g., Beal et al., 2013) .
Past VBM studies of white matter include a total of four studies on AWS (Beal et al., 2007; Choo et al., 2011; Jäncke et al., 2004; and two more on school-aged CWS (Beal et al., 2013; Choo et al., 2012) . Two of the above studies used an identical experimental paradigm to permit fair, though descriptive, comparison between CWS and AWS Choo et al., 2012) . These two studies also performed standard morphological analysis. In addition, one unpublished thesis (Zengin, 2011) which is not included in the systematic review reports on differences in WMV as well.
3.8.1. AWS Choo et al. (2011) detected increased WMV in the anterior corpus callosum in AWS. In the same sample, they also showed that the corpus callosum was larger on the average in AWS (as measured on the midsagittal plane). Jäncke et al. (2004) performed a whole-brain VBM analysis, as well as an analysis limited to predefined regions of interest. They identified a leftward bias in WMV of the auditory cortex in AWDS but not in AWS. Instead, AWS had increased WMV in the right superior temporal gyrus, including planum temporale. Jäncke et al. suggested that their findings relate to atypical intra-hemispheric communication. Additional right hemisphere regions with increased WMV in AWS were reported by both Jäncke et al. (2004) and ; however, there is virtually no overlap between the studies in terms of the exact regions affected.
CWS
The Beal et al. (2013) study is the only published whole-brain white matter VBM investigation in CWS (but see an unpublished thesis by Zengin, 2011). Its positive findings, which include group differences in the corpus callosum, should await replication, as one paper that targeted callosal white matter in CWS reported null results (Choo et al., 2012 ). An earlier study by the same group did detect callosal white matter anomalies in AWS , which led the authors to conclude that callosal anomaly probably appears later in life in stuttering.
Diffusion MRI − voxelwise analysis
Diffusion MRI (dMRI) measures relate to underlying white matter microstructure. Although a certain biological interpretation of detected anomalies is usually not possible, the ability to detect anomalies and localize them to certain tracts advances our knowledge considerably. dMRI studies can be divided into those using whole-brain voxelwise analysis, and those employing tractography.
The major limitation of voxelwise dMRI studies is in aligning white matter structures between participants for group analysis. Even non-linear alignment techniques, usually used in gray matter studies, perform poorly in aligning the thin and elongated white matter structures, and statistical analysis requires substantial smoothing. The earliest dMRI study of stuttering did rely on non-linear alignment and smoothing (Sommer, Koch, Paulus, Weiller, & Büchel, 2002) and identified reduced fractional anisotropy (FA) in a region in proximity to the speech motor representations of the tongue, larynx and pharynx as well as the arcuate fascicle. This result has been replicated by a number of other studies (see Neef, Anwander et al., 2015, for review) . Most subsequent dMRI studies of stuttering employed the newer tract-based spatial statistics (TBSS; Smith et al., 2006) fully-automated technique that aligns lines or sheets (the centers of tracts) rather than blobs (the whole tracts) thus performing much better than non-linear alignment approaches. Not only that smoothing is not necessary anymore, but also the FA measures extracted from the center of tracts are less prone to partial-voluming effects. To detect the centers of tracts (i.e., the white matter skeleton), TBSS searches the FA maps for elongated regional peaks, exploiting the fact that FA is modulated by fiber density which is higher at tract center. Despite its name, tract-based spatial statistics does not permit examining of microstructural properties along specific tracts; instead, microstructural alterations are examined across the whole white matter skeleton, and it is the scientist's task to identify the affected tracts, usually using anatomical atlases.
A total of four dMRI studies on AWS have utilized TBSS (Cai et al., 2014; Civier et al., 2015; Cykowski et al., 2010; Kell et al., 2009 ). Kell et al. also studied adults with late-onset recovery. Additionally, two studies have focused on school-aged and young CWS (Chang et al., 2008 (Chang et al., , 2015 , with the earlier study also examining recovered children. The latter study is particularly notable for its use of large samples of CWS. A further two studies have used mixed groups of AWS and adolescent CWS (Connally et al., 2014; Watkins et al., 2008) . Because TBSS cannot properly align certain white matter tracts, two studies also measured average FA in specific ROIs in subject space (Cai et al., 2014; Connally et al., 2014) . One study investigated both developmetal and acquired stuttering, and therefore is not included in the systematic review (Chang et al., 2010) .
AWS
Most group differences detected in TBSS studies of stuttering indicate reduced FA in the left hemisphere (see Cai et al., 2014; Cykowski et al., 2010) . Indeed, in a recent meta-analysis, two of the three resulting clusters are left hemispheric (Neef, Anwander et al., 2015) . Rather than consulting an atlas for tract identification, the authors used the clusters as seed regions for tractography, and identified the left superior longitudinal and arcuate fasciculus, and the callosal fibers connecting bilateral Rolandic regions. However, because most points in the brain are traversed by at least two fiber tracts crossing each other (Jeurissen, Leemans, Tournier, Jones, & Sijbers, 2013) , identification of affected pathways cannot always be certain. For example, Kronfeld-Duenias, Amir, Ezrati-Vinacour, Civier and Ben-Shachar (2016a) demonstrated that there are several pathways passing through a cluster of voxels in the left Rolandic operculum, which is a region that came up over and over in diffusion MRI studies of stuttering (see Cykowski et al., 2010) . For this reason, investigation of longitudinal tracts is better conducted using tractography.
One of the clusters identified by Neef, Anwander et al. (2015) , Neef, Hoang et al. (2015) is in the posterior mid body of the corpus callosum, a region which is only traversed by inter-hemispheric fibers, thus permitting certain identification of the affected tract. Callosal anomaly in stuttering might suggest an inter-hemispheric reorganization, possibly leading to the aforementioned group differences in right-hemispheric gray matter morphology and volume, and to alterations in white matter tracts such as the right superior longitudinal fasciculus (Cai et al., 2014 ; Kronfeld-Duenias et al., 2016a).
Interestingly, in TBSS studies of stuttering, the corpus callosum is also where most significant group differences corrected for multiple comparisons show up (Civier et al., 2015; Cykowski et al., 2010; Kell et al., 2009) . However, it is not yet clear why these TBSS corrected effects are in the forceps minor (also see Cai et al., 2014 ; for uncorrected effects), a part of the corpus callosum which is more anterior than the callosal section identified by Neef, Anwander et al. (2015) , Neef, Hoang et al. (2015) . Because forceps minor anomalies were detected in adults but not in children who stutter (Choo et al., , 2012 ; but see Beal et al., 2013) , it is possible that late plasticity leads to the observed structural and micro-structural changes. The finding that forceps minor FA reductions in AWS are correlated with decreased fluency suggests that such plasticity is maladaptive or epiphenomenal (Civier et al., 2015) . If the affected forceps minor fibers are left-to-right projections inhibiting right frontal cortex (see Civier et al., 2015) , this would also explain why the activity of this region is associated with stuttering rather than with induced fluency (Budde et al., 2014) . Regarding biological interpretation, the forceps minor anomaly is driven by high radial diffusivity (i.e., the diffusion of water perpendicular to the main direction of axon bundles), which might suggest impaired myelin (Cykowski et al., 2010 ; but also see Civier et al., 2015) .
Voxelwise analysis was performed without TBSS in three studies (Cai et al., 2014; Connally et al., 2014; Sommer et al., 2002) . Cai et al. performed an analysis in subject space, calculating average FA in the white matter regions directly beneath cortical regions that were automatically defined. This may be most useful for detecting anomalies in local U-fiber (i.e., fibers that connect adjacent cortical gyri; Schmahmann & Pandya, 2009) . They found three left hemisphere speech network regions with lower average FA in AWS compared to AWDS (p < 0.05, not corrected): dorsal inferior frontal operculum, middle motor cortex and posterior dorsal superior temporal sulcus. Connally et al. defined cerebellar ROIs using manual and semiautomatic methods, and similarly, compared their average FA between groups. For all six ROIs in the cerebellar peduncles, AWS had lower FA than their fluent peers. For ROIs that also included gray matter, white matter voxels were isolated based on an automatic white/ gray matter segmentation performed on the T1 scan. Nevertheless, no group differences in average FA were detected in these mixed tissue regions.
CWS
One region that showed decreased FA only in studies on CWS (or studies that combined CWS and AWS) is the posterior part of the left superior longitudinal fasciculus (SLF), adjacent to the posterior division of the supramarginal gyrus (Chang et al., 2008; Chang, Zhu, Choo, & Angstadt, 2015; Connally et al., 2014; Neef, Anwander et al., 2015; Neef, Hoang et al., 2015; Watkins et al., 2008) . In the single AWS study, where a close-by region was implicated, FA was actually higher in the patient group (Kell et al., 2009) . Although FA values in the posterior left SLF were never directly contrasted between CWS and AWS, an adjacent posterior callosal region did demonstrate large age-related FA differences (Civier et al., 2015) . Future studies should investigate whether FA values in these left posterior regions indeed change as the disorder develops, and what is the mechanism that drives plasticity. Chang et al. (2015) also showed that young CWS exhibit increased FA in the cerebellum, which Chang et al. noted was associated with the organization of sequential movements into chunks (e.g., Sakai, Hikosaka, & Nakamura, 2004) . The reason why such differences are evident as early as 3 years is unclear, but may suggest that some compensatory processes are occurring very early on. It is important to point out that many of these structural abnormalities observed in CWS are associated with lower performance on arange of tasks, relative to CWDS (Choo, Burnham, Hicks, & Chang, 2016) . There are some interesting structural differences between boys and girls who stutter. In particular, Chang et al. (2015) reported a negative correlation between FA in left IFG, cingulate and supramarginal gyrus for CWS, but this is only present in the boys and not the girls who stutter. This may have significant implications for stuttering that more girls than boys recover (Chang et al., this issue; see also Beal et al., 2015; Kell et al., 2009) .
From a theoretical standpoint, the observation, of common abnormalities between AWS and CWS, is important to consider because it could point to a biomarker of stuttering. For example, both AWS and CWS exhibit abnormal white matter microstructure in the left superior temporal gyrus (Chang et al., 2015; , which might be related to the aforementioned gray matter anomalies in bilateral auditory cortices in stuttering. However, because CWS and AWS have different brain sizes, such commonalities are usually difficult to demonstrate using TBSS and VBM, which produce MNI coordinates as output. Tractography might be a better approach for this task.
Diffusion MRI − tractography
In tractography, pathways of interest made of streamlines, are reconstructed from dMRI data, based on the diffusion directionality and strength estimated for each voxel. Tractography can benefit from advanced acquisition methods, such as high angular resolution diffusion imaging (HARDI), that permit estimating several diffusion directions per voxel − using special tracking algorithms, crossing fibers may be accounted for (Farquharson et al., 2013) . In principle, tractography-based analysis can be performed entirely in subject space, with no need for inter-subject alignment, but see Chang and Zhu (2013) for an exception. Given the reconstructed pathways, one can perform morphological measurement such as tract volume, and micro-structural measurement such as FA. The latter measurements can be performed by averaging properties across all tract voxels, or using more sophisticated methods that divide the tract into small sections which are then analyzed separately (e.g., Kronfeld-Duenias et al., 2016a) . In probabilistic tractography, connectivity strength is defined as the number of streamlines originating in seed and reaching (or terminating in) target region, and it may represent either macro-or micro-structural white matter properties. For a more detailed review of tractography studies in stuttering, please refer to Kronfeld-Duenias et al. (this issue) .
There have been three tract-of-interest tractography studies with AWS Cieslak et al., 2015; Connally et al., 2014) and only 1 on CWS (Chang & Zhu, 2013) . Other two such studies not included in the systematic review are Kronfeld-Duenias et al. (2016a) and Kronfeld-Duenias, Amir, Ezrati-Vinacour, Civier, & Ben-Shachar (2016b) . However, it is also possible to investigate all major pathways of the brain without being constrained to tracts-of-interest dictated by previous hypotheses. The challenge of such an approach is the large number of comparisons involved, and the fact that multiple-comparison correction methods based on the spatial extent (e.g., the method used in TBSS) are not applicable. Only one study utilized this network-level methodology to study stuttering, examining AWS (Cai et al., 2014) . A follow up study by the same group (Sitek et al., 2016) is not included in the systematic review.
AWS
Because TBSS studies often localized FA reductions in stuttering to the left dorsal language tracts − the left arcuate fasciculus and the superior longitudinal fasciculus (SLF) (Chang et al., 2008; Civier et al., 2015; Cykowski et al., 2010; Kell et al., 2009; Watkins et al., 2008 ) − tractography studies tried to verify this finding by reconstructing these tracts, and directly measuring their mean FA (weighted or unweighted average of FA across all tract voxels). Surprisingly, Kronfeld-Duenias et al. (2016a) could not detect group difference in FA between AWS and AWDS in these tracts, and Connally et al. (2014) detected a small group difference in FA only when left and right arcuate fasciculi were considered together. One explanation for the discrepancy between TBSS and tractography studies is that the underlying anomalies are actually morphological, and TBSS wrongly identifies them as FA differences (see Kronfeld-Duenais et al., 2016a) . Indeed, when the volume (number of voxels) of these left longitudinal tracts was examined, large group differences were detected, with AWS showing smaller volumes compared to AWDS (Kronfeld-Duenias et al., 2016a , 2016b ; but see Connally et al., 2014 , for null results). Cieslak et al. (2015) , in particular, revealed that in AWS, the left arcuate exhibited reduced volume in specific tract sections. This is also consistent with the report that connectivity strength from posterior superior temporal gyrus (pSTG) to IFG, the presumed endpoints of the arcuate fasciculus, is much weaker in AWS than in AWDS . It is of note, though, that Chang et al. could not detect parallel differences in functional connectivity in their study. Reduced left arcuate fasciculus volume might compromise the pathway ability to carry interactions between motor and auditory regions, possibly affecting the encoding of forward models important for speech production (Max et al., 2004) . It is also possible that these motorto-auditory models are intact, but their predictions cannot be read out from IFG to pSTG (Chang & Zhu, 2013) , where the comparison with speech's auditory feedback is hypothesized to take place (Golfinopoulos et al., 2010) .
The left dorsal language tracts are crossed by many other pathways smaller in size, and it is also possible that past voxelwise analyses confused an anomaly in one of these minor tracts with arcuate or SLF anomaly. One candidate pathway is the left corticospinal tract (CST) whose inferior section's volume is reduced, and mean diffusivity (MD) is increased, in PWS compared to PWDS (Connally et al., 2014; Kronfeld-Duenias et al., 2016a , 2016b . However, that these differences were detected in inferior rather than superior CST makes confusion with the dorsal language tracts less likely. Smaller or impaired left CST is consistent with findings of higher motor threshold for left hemisphere in AWS (see Alm et al., 2013) , suggesting left hemisphere motor impairment in stuttering. Kronfeld-Duenias et al. (2016b) found that the anatomical connection between the SMA and the IFG − the frontal aslant tract (see Catani et al., 2013) − is abnormal in AWS as evidenced by increased levels of mean diffusivity (MD). That there were differences in the level of MD not accompanied by differences in FA implies there are fewer constraints on diffusion that are not specific to any direction. Interestingly, MD in this tract was correlated with decreased speech rate in AWS. This tract has an important role in speech production as evidenced by the fact that electrically stimulating it leads to speech arrest (e.g., Vassal, Boutet, Lemaire, & Nuti, 2014) in much the same way that electrical stimulation or TMS of Broca's area does (Devlin & Watkins, 2007) . More interestingly, Kemerdere et al. (2016) demonstrated electrical stimulation of this tract induces stuttering. The frontal aslant tract therefore is functionally relevant for speech, though little is understood about its significance in the etiology of stuttering.
It is important to note that white matter differences in any disorder, stuttering included, are likely not confined to a single tract but are rather widespread and involve multiple interconnected tracts or even multiple networks. Cai et al. (2014) reported the first investigation into network-level structural connectivity in AWS. To limit the number of comparisons, the network was constrained to speech-related regions, but even then, most results did not survive correction for multiple comparisons. Nevertheless, Cai et al. could identify a trend for AWS to show reduced connectivity of left hemisphere structures, primarily pre-Rolandic regions, consistent with many of the reports discussed above.
CWS
Chang and Zhu (2013) studied the basal ganglia thalamo-cortical circuit as well as the auditory-motor network in CWS. They reported that CWS exhibit weaker connections than CWDS between the left putamen and several cortical regions: the left insula, the left inferior and middle frontal gyri, and the SMA; findings that are consistent with the Beal et al. (2013) report on reduced GMV in the left putamen in CWS. Chang and Zhu also found reduced connectivity in CWS from left IFG to pSTG, similar to their finding in AWS ; and see also Chang et al., 2015) . Interestingly, however, the affected pathway in CWS does not seem to be the arcuate fasciculus but rather another pathway that interconnects these two regions via a more inferior route (Chang & Zhu, 2013) . This is important information, which is not usually available in network-level connectivity studies, such as Cai et al. (2014) . Because the IFG-pSTG connections are the only ones reported to be abnormal both in adults and children who stutter, there should be a concentrated effort to verify whether the same inferior tract is also the one affected in AWS.
Summary
Overall, it appears that there are widespread functional and structural brain differences between AWS, CWS and their fluent peers. However, there is only limited consistency in the description of where or what these differences are. Methodologically, the majority of studies to date have used functional or structural MRI; a similar number have used EEG whilst other methodologies such as TMS, TES, NIRS and MEG are largely under-represented in stuttering research. Many neuroimaging studies in stuttering have been conducted using speech production (primarily fMRI and PET) and auditory perception (primarily EEG and MEG), and relatively few have focused on resting state activity. The functional neuroimaging literature seems to be coming full circle. Early PET neuroimaging studies focused on resting state and differences between fluent and stuttered speech. Research then shifted somewhat to examining neural activation during speech and non-speech tasks. Currently, the focus is shifting back to resting state and the effects of fluency inducing conditions, albeit with higher resolution and more sophisticated analyses. Structural neuroimaging, on the other hand, is still far from realizing its potential, and new approaches may yet detect novel anomalies in stuttering (e.g., Kronfeld-Duenias et al., 2016a , 2016b Cai et al., 2014; Kronfeld-Duenias et al., this issue ). Below we highlight consistent themes in the literature following from the results of the systematic review. We then detail a series of recommendations and provide directions for future research.
One consistent theme in the TMS and M/ EEG literature is that AWS exhibit reduced excitability in motor areas prior to speech production. Notably this is also consistent with fMRI studies showing anomalies in the planning stages of speech production. Anomalies in neural activity before speech could lead to disfluencies during speech production. For example, some studies directly link alack of increased excitability to moments of stuttering (For possible compensatory mechanisms in AWS that involve increased excitability see Mersov et al., this issue; Vanhoutte et al., 2016; and Section 3.3.1) . Although the number of stuttered syllables is small,these provide invaluable insights into stuttering. Examining preparatory speechrelated activity in young CWS, who presumably have not yet developed compensatory mechanisms, will shed further light on abnormal motor development in stuttering. Collectively, the observation of increased motor thresholds and decreased cortical excitability suggests that the difficulty AWS have in initiating movements stems from reduced excitability in motor regions of the brain. These differences in cortical excitability are also particularly interesting in light of an inverse relationship between fractional anisotropy and motor threshold in AWDS (Klöppel et al., 2008) .
A second consistent theme with respect to AWS is that they exhibit atypical activation in the left inferior frontal gyrus (e.g., Neef et al., 2016) and right auditory regions (Belyk et al., 2015) . They also show structural abnormalities in the left inferior frontal gyrus as measured by gray matter volume (Beal et al., 2015; Kell et al., 2009) , and in the left IFG connections to the SMA (Kronfeld-Duenias, Amir, Ezrati-Vinacour, Civier, & Ben-Shachar, 2016b) , to temporal regions Cieslak et al., 2015; Connally et al., 2014; Kronfeld-Duenias et al., 2016a) and to the right IFG (Kell et al., 2009; Cykowski et al., 2010; Choo et al., 2011; Cai et al., 2014; Civier et al., 2015) . Additionally, AWS have over-developed right superior temporal gyrus as indexed by higher gray matter volume in that region (Beal et al., 2007; Song et al., 2007; Kikuchi et al., 2011; Sowman et al., 2017) , as well as symmetric gray matter volume (Foundas et al., 2001 ) and white matter volume (Jäncke et al., 2004) in auditory regions instead of the typical leftward bias (see for review Neef, Anwander et al., 2015; Neef, Hoang et al., 2015) . To summarize, it seems that the left IFG and right auditory regions play an important role in the disorder, as reflected by functional, gray matter and white matter anomalies.
Thoughts for future research
Research seems to be trending toward functional and structural connectivity across multiple regions rather than function and structure of individual regions. Currently, analysis methods are somewhat limited. For example, there are very few studies examining causal influences of one brain region on another. Likewise, while there are a growing number of DTI studies, many have difficulty resolving the crossing fibers in the brain. We suggest that dynamic causal modeling of functional data and constrained spherical deconvolution of diffusion MRI can be used to address these gaps in the literature.
There are still other gaps in the literature, most notably the lack of longitudinal data in CWS. It should also be noted that studies on CWS are becoming widespread, with several recent studies examining children aged 6-12 (Beal et al., 2011 (Beal et al., , 2013 Sato et al., 2011) and others examining children aged 3-6 (Arnold et al., 2011; Etchell, Ryan et al., 2016; Sowman et al., 2014; Weber-Fox et al., 2013) . Interestingly, the results of the former studies raise questions about the assumption that little or no neural reorganization takes place in the childhood years of PWS. Many studies on stuttering use the term children to refer to participants that would be more appropriately described as adolescents or even young adults. For example, in the Desai et al. (2016) study, children were defined as being under the age of 20. In the future, it will be necessary to make clearer distinctions in the literature to more easily determine whether neural reorganization is likely to have occurred. This will also allow a more nuanced perspective on how stuttering affects development at different ages. Longitudinal studies or direct comparisons of adults and children are rare (though see Beal et al., 2015; Choo et al., 2012; Desai et al., 2016; O'Neill et al., 2017 ; and see also Choo et al., 2011 ), but will be necessary to elucidate which regions go through plastic changes that adaptively or maladaptively compensate for stuttering, and which have anomalies that are part of the etiology of the disorder. Such work will also allow us to develop more definitive biomarkers for the likelihood of persistence or recovery from stuttering. Accordingly, there is likely to be a proliferation in the use of less invasive methods like near infra-red spectroscopy (Sato et al., 2011) and more recently proton magnetic resonance spectroscopy (O'Neill et al., 2017) to image the brains of younger children who stutter. Given sufficient time and money, it would be particularly interesting to focus on the neural markers that contribute to a risk of stuttering, and recovery and persistence of stuttering as compared to controls (see Chang et al., 2008 Chang et al., , 2015 and Chang et al., this issue) . Encouragingly, such work is already underway in some labs. Notably, there has been very little investigation of sex differences in stuttering which is strange considering the high degree of incidence in males as compared to females who stutter. Along asimilar line of reasoning, most previous work has focused on the perception or production of speech. There has been very little focus on attentional components of the disorder or on neural oscillations. This is unfortunate, as the few efforts in these directions did yield some interesting results that warrant further investigation (Etchell, Ryan et al., 2016; Kikuchi et al., 2016; Mersov et al., 2016; Mersov et al., this issue; Sengupta et al., 2016) .
Future research should focus on using non-invasive brain stimulation. One line of research is to examine whether non-invasive brain stimulation is an effective tool for augmenting therapy and whether or not such stimulation creates measureable structural and functional changes in the brain (e.g., Chesters et al., 2017) . A second line of research is to try and reproduce transient symptoms of stuttering in control participants, in order to elucidate the underlying neural mechanisms of the disorder. Since there are many potential deficits that could lead to stuttering, artificial stuttering induced in this manner might not reflect natural stuttering. Nevertheless, such artificial stuttering could still provide valuable insights into the disorder. This idea could then be combined with other forms of neuroimaging to examine precisely what happens in the brain when stuttering is induced. Alternatively, researchers may even attempt to induce stuttering in AWS via brain stimulation to establish a causal role of areas involved in stuttering. Along a similar line of reasoning, with improved neuroimaging technologies, especially those concerned with handling head-movement artifacts, there may well be a trend toward examining the neural correlates differentiating fluent and stuttered speech (e.g., Mersov et al., this issue; Sowman et al., 2012; Vanhoutte et al., 2016) and how it is altered with fluency inducing mechanisms.
There is an extensive neuroimaging literature on stuttering. However, a clear and consistent picture of the brain basis of stuttering is far from complete. While meta-analytic studies highlight the robust findings of anomalous brain structure (Neef, Anwander et al., 2015; Neef, Hoang et al., 2015) , and function (Belyk et al., 2015; Brown et al., 2005; Budde, 2015) in AWS, the functional significance of these results is far from clear. Further, recent work has pointed to errors in the software commonly for ALE meta-analysis (Eickhoff, Laird, Fox, Lancaster, & Fox, 2017) thereby casting doubt on the results of the aforementioned studies. Moreover, meta analytic studies, though comprehensive and useful, likely present an oversimplified picture of the brain basis of stuttering. They may miss areas that are not reported across multiple studies that may nevertheless be important. It is noteworthy that the meta-analyses to date have largely neglected M/ EEG data (the different data output from such studies makes their integration with the MRI studies difficult) thereby omitting a large proportion of the literature. However, making sense of the data from a narrative perspective is perhaps an even more difficult task; one made more complex by the disparate theoretical frameworks which drive, and inherently bias the analytic direction of many of the investigations to date.
One means by which to clarify discrepant findings is multi-center studies. Multi-center studies would increase collaborative efforts and could produce higher quality studies. Rather than competing and investigating the same lines of research, institutions could cooperate and attempt to employ the identical experimental paradigms, scanning parameters and analyses pipelines to concurrently verify and independently replicate findings. The main benefit of such an enterprise is twofold. Firstly, it allows researchers to determine the reproducibility of results and pool data into much larger sample sizes, which would enable greater confidence in results and resolve discrepant findings. While this suggestion is valid for many areas of neuroscience, the problem is more acute in stuttering research since many centers have very different ways of measuring stuttering severity. It would be advisable for different labs to attempt to standardize such clinical measures across studies. Secondly, multi-center collaborations would, due the involvement of different groups, facilitate researchers being more diverse in their thinking instead of designing and interpreting studies only within their own conceptual frameworks.
Stuttering is only one of many speech disorders, and must be understood in a wider context. Future work may wish to form hypotheses about how structural and functional abnormalities differentiate and cause one speech disorder rather than the other. Computational modeling approaches can be particularly valuable here by showing that a common framework for speech production can generate different disorders, depending on the impairment introduced to the model (e.g., Civier et al., 2010; Terband et al., 2009) . Since stuttering differs from many other speech disorders in that it can be temporarily alleviated -even during a single experimental session -it is the ideal place to start a revolution in our understanding of both normal and disordered speech.
Appendix A. PET = Positron Emission Tomography; AWS = adults who stutter; AWDS = adults who do not stutter; CWS = children who stutter (<18); CWDS = children who do not stutter (<18); PWS = persons who stutter (mixed age); PWDS = persons who do not stutter (mixed age); Sample related acronyms preceded by 'r' denote "recovered" and those preceded by 'p' denote "persistent"; * denotes that the study belongs to a pair of studies that used the same paradigm, one of them to examine adults, and the other to examine children; + denotes that the study used multiple imaging methodologies. 11M CWDS (6-12) N/A CWS had reduced GMV in left inferior frontal gyrus and putamen and increased GMV in right inferior frontal gyrus and superior temporal gyrus as compared to CWDS 11M CWS (6-12) Foundas et al. (2013) MRI 13M CWDS (8-13) N/A There was atypical caudate anatomy in 9/14 CWS. CWS have deficit in cortico-striato-thlamo-cortical network 14M CWS (8-13) Beal et al. (2015) MRI 55M PWS (7-47) N/A In PWS only the left pars opercularis exhibited a different developmental trajectory in gray matter with age (None of the 30 other brain regions did) 61M PWDS (6-48) MRI = magnetic resonance imaging; GM/V = gray matter/volume; VBM = voxel based morphometry. For definition of acronyms and symbols, see bottom of Table 1 . 8 AWDS (20-31) N/A AWS were missing large portions of the bilateral arcuate fasciculus. AWS also had a connection from the cortico-spinal tract to the temporal cortex that was not seen in AWDS 8 AWS (20-39) Civier et al. (2015) dMRI ( 8M 5F PWDS (14-27) N/A PWS had reductions in WM in the ventral premotor regions relative to PWDS 12M 5F PWS (14-27) Connally et al. (2014) dMRI (DTI) 21M 8F PWS (14-42) N/A PWS had reduced fFA in the arcuate fasciculus. More severe dysfluency correlates with reduced white matter in angular gyrus 23M 14F PWDS (14-45) MRI = magnetic resonance imaging; dMRI = diffusion MRI; WMV = white matter volume; VBM = voxel based morphometry; FA = fractional anisotropy. For definition of acronyms and symbols, see bottom of Table 1. 
